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Th~ :\ppaladJi;lt: Ort'g~n in''-''' l(,undLIIld rt•t·,,•d~ tlw bnth ;llld dt•:-;tru.-ti,lll ,,fllw 
Iapetu:-; Ocean The Dunnage /one pre~t'l\t'S rt•:nnants t'fthe '''t';uu.- tt·n ;uws. and is 
subdi,id~d :nto th~ \\estern ~Laurentian) '\tltrt' Danw Suhz,'llt' and the t'a:-;tt'lll 
(Gondwanan) Fxpl0its Subzom· This l'llt'Us ,,fthis tlwsis ha.; i>L'L'il t'' dL'It'lminL·thL· 
geologic historv of the northernmnst part or the :\ot rt' ();rlllt' Sub/( llll'. t'Oillilll'd hL·t \\ l'l'll 
the Green Ba,· and Lobster Ccl\e Faults 
The getllogical history or the \\L'Stt•rn :\ptrL· lhnll' Bav art•a h;IS "L't'n ill\l'SII~all'd 
using licld, geochemical. ge(lChrt,noiPgical ;tnd strut'ttlral nwthuds ( ·arL· "'" uken to 
integrate the results obtained from these diYt·rse mL·tht,ds int'ldl.'l t'' ,,htain an lllk111allv 
consistent modd. As a result ofthest• studil.·s a IlL'" stratigraphit' onkr is proposed a 
major nappe has been recognized, and the char;H.:tl'l' and tecttHllt' histmv pf olll.' ,,r till' 
oldest intraoceanic sequences in the :'\otre Da111c SubwnL' ofthl· '\n\1\nmdbnd 
Appalachians ha~ been determined 
In simple li.:rms. the gcolt'gical history of thL· \\L'stL'IIl N11t1L' J);lllll' lbv <lll'<l l.:an hL· 
descrilv~d as follows (I) a pre-500 \Ia intr;wceanic arcihad; -arc sta!J.C. which involvl.'S 
deposition of the Lushs Bight Group and 1 he 10\v t:r part ot' thl' \\' cstl.'lll Arm ( iroup 
(SugGr LoaYes Basalt, Skeleton Pond Formation, and Big lli lllbs;:lt ). (2) emplacement of 
the pre-500 l\1a sequence on the Laurentian continental margin and inttusion by lugh-Mg 
dykes of sanukitoid/bajaite atllnitics at -l'J) \ Ia . n) dcvl.'lopnll.:nt or a calc-alkahc a;c 
(Cut well Group and the upper two formations. \\'dsh Cml' and \\'estl'lll I kad . ufthc 
Western r\rm Group) from 485 to ·~6) l\la. whid1 i~ dominantly submarine. hu t whllsc 
chemistry is variably inlluenced by input s from continental lithospheric sources, (·l) 
development of a major alpine style fold nappe and its southt:a~tl:rly dircctl.'d ~:mplaccment 
( :'\otrc Dame Bay Nappe) in the J><>st -lo,.,·er Silurian , and ( '>) po~t -empla~.:cnlt:nt stti iCtlll al 
disruption ofthc nappe, probably in ti1c post-lower C;uhonitl:riHI'> 
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CII:\PTE~ 1: I~TROIHiCTIO~ 
1.1 Purpose And S~ope Of Thesis 
The early Paleozoic rocks of central Ncwfoundiand have b~cn th~ subjo.:d Df inh:ro.:st 
and controversy since the earliest observations by oflicers of the N('\\foundland ( 1'-·ologi(al 
Survey (e.g. ~lurray and llowky, 1881 ), not only for their widespread metallic min\.'ral 
deposits (Swinden and Kean, 1988) but also for their potential to tell us much about thl' 
early geological and tectonic history of the Appalachian Orogl:n lkl·ausc tlll'Sl' HKks 
represent vestiges of the early Paleozoic oceanic realm commonly rdcrrcd to as th'-' lapl'lu~ 
Ocean, their study provides opportunities to understand the geological history oft his 
long-lived and complex ocean and the continental margins which bounded it 
During the late Cambrian and early Ordovician, volcanic, subvokani..: and cpidastir 
rocks presently exposed in western Notre Dame Bay arc widely considered to have bcl·n 
generated in a series of island arcs and back-arc basins that fringed the an..:ient l.aun.·ntian 
continental margin (Williams, II. et al, 1<)88; Colman-Sadd et al, I<J<J2; !..:can et al. t•>•J') 
However, the geological and tectonic history of these rocks, and consequently of the 
continental margin at which they formed, has remained poorly understood This is in part 
because 
-geological studies in the area have been relatively local rather than regional in f(,cus , 
- interpretations have been encumbered with a lithostratigraphic framework that 
reflects, in many instances, a local rather than regional perspective and is thereby 
both unnecessarily complex and/or misleading in its assignment of units, 
-the structural history of the area has not been understood in sufli..:ient detail to 
understand the disposition of rock units at map scale; and 
- there have been few attempts to integrate modern geochemical and geochro11ological 
techniques with regional scale geological mapping 
This thesis reports the first comprehensive, integrated geological and gc<Khcmical 
study of volcanic and sub-volcanic rocks in the western part of Notre Dame Bay The study 
focuses on rock sequl.!nces north of the Lobster Cove Fault and southwest of the Green Bay 
Fault, which outcrop on the Springdale Peninsula, Little Bay, Pilley's, Triton, and Long 
1 ~ 2 
Islands, and a number of intervening smaller islands. It was intended that through a detailed 
geological and geochemical study of rocks in this area, important new advances could be 
achieved in understanding the disposition ofrock units in the area (both spatially and 
stratigraphically), their lithostratigraphic framework and depositional history, the tectonic 
environments in whi~.:h they formed and the ~seomctry of their present structural disposition. 
G~.:ologil.:al mapping was initially focused in the Catcher's Pond Group southwest of 
Springdale, where it revealed a more complex stratigraphic and structural history than had 
previously been envisaged. Mapping was then carried out in rocks assigned to the Western 
Arm and Cut well groups to the northeast and east, eventually extending eastward to Triton 
Island Comemporary g~ological mapping in the Lushs Bight Group by the Newfoundland 
Department of Mines and Energy (Kean et al., 1995) was augmented where necessary by 
fi1rthcr traversing in this unit, allowing it to be integrated in the evolving stratigraphic and 
structural framework 
The question of the paleotectonic settings of the rocks and their relative ages were 
addrc!>scd hy detailed geochemical studies, and by micropaleontological and 4/J Ar/39 Ar 
geochronological studies of the volcanic and subvolcanic rocks. Geochemical sampling 
accompanied mapping and encompassed all volcar!ic and subvolcanic rocks as well as some 
post -tectonic intrusions The objectives of this work were to aid with stratigraphic 
interpretations and to permit interpretations of the tectonic environments in which the rocks 
formed. Coupled with new age information, this work has helped produce a new model for 
the geological development of this area that is more complete and better constrained than 
was previously possible. 
Following the introduction. Chapter 2 presents a review of the geological setting of 
central Newfoundland Particular emphasis is placed on the current understanding of the 
setting of rocks in western Notre Dame Bay so as to set the stage for the new results of the 
present study. 
Chaph.'r 3 presents a detailed analysis ofthe lithostratigraphy of the area, based 
principally on the new geological mapping carried out during the course of this stl!dy as 
well as micropaleontological and geochronological work carried out in conjunction with this 
study It has proved possible to correlate in some detail many rock units that were 
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previously assigned to disparate lithostratigraphic units of uncertain mutual rl·lationship and 
a revised lithostratigraphy is proposed based on this new undcrst:.nding A"·"·,)rding to th~ 
North American Code of Stratigraphic Nomenclature, a thesis is not consi~.krcd to l1~ the 
proper venue by which to introduce changes to established stratigraphic nonll'ndaturc, 
because of the theses limited circulatioil. Therefore, it is customary to distinguish 
stratigraphic nomenclature by, for instance, using Formation or formation, in r~fl'H.'nc~ to 
formaliud and unformaliz<'d names of stratigraphic units. Since it is the author's and his 
co-workers intention to publish the stratigraphic nomenclature introduced in this tlwsis in 
referred joumal publications, no distinction was made between the formalizl·J and 
unformalized names by using capitalized or non-capitalized first letters. Care has hl'l'll 
taken to clearly discuss and describe the old stratigraphic order, the informal changl·s m:tdl· 
to it and the new proposed strat:graphic order. 
Chapters 4 and 5 present the results of the geochemical studies. In Chapter 4 . the 
geochemical characteristics of the volcanic atad subvolcanic rocks are described and <: 
classification scheme for all rocks in the western Notre Dame Bay area is developed has~d 
on their geochemical characteristics. In Chapter 5, geochemical data arc integrated with 
lithostratigraphy to evaluate the geochemical evolution of rocks in the area These results 
are then interpreted in terms of the paleotectonic history of the rocks through comparison 
with modern environments and petrogenetic considerations concerning the nature of 
possible source regions for the magmas. 
Chapter 6 presents a description of the structural history of the area Structural data 
show a complex folding and faulting history in the region and offer a new interpretation of 
relationship between structures and the disposition oflitho- and chemo-stratigraphic units 
A major result is the recognition that rocks in the western Notre Dame Bay area arc 
disposed in a recumbent, nappe structure that has been disrupted by later structures. 
In Chapter 7, all geological and f!ochemical data are reviewed and integrated in a 
model for the tectonic history of the western Notre Dame Bay area. Principal conclusions 
are reviewed and suggestions for future work are presented. 
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CIIAPTER 2: REGIONAL SEITING OF THE STUDY AREA 
2.1 Introduction: The Appalachian Orogen In Newfoundland 
Almo!>t three decades ago, Wilson ( 1966) proposed thllt the Appalachian- Caledonian 
orogen records a cycle of ocean dcvdopment and destruction. The island of Newfoundland 
lies at the centre of this orogen and provides a complete record of this cycle. Based upon 
contrasts in structure and stratigraphy of pre-Silurian rocks, the Newfoundland 
Appalachians have been divided into (from cast to west): the Avalon, Gander, Dunnage, 
and I lumber tectono-stratigraphic zones (Fig. 2. I). 
The eastern Avalon and Gander zones and the western Humber Zone (Fig. 2.1) 
represent vestiges of opposing Gondwanan and Laurentian margins, respectively. The 
Dunnage Zone, forming the internal part of the orogen, is underlain by ophiolitic and 
v~lcanic-epiclastic sequences interpreted as fragments of the intervening oceanic realm (e.g . 
Rodgers and Neale, 1969; Dewey and Bird, 1971; Church and Stevens, 1971; Dean, 1978; 
Williams, 1979; Kean et al., 1981. Dunning ar:d Chorlton, 1985), commonly referred to as 
Iapetus Ocean (llarland and Gayer, 1972). 
2.2 Avalon Zone 
The Avalon Zone (Fig. 21) contains Hadryni<m clastic and volcanic sequences of 
Pan-African aflinity unconformably overlain by Lower Cambrian to Lower Ordovician 
sedimentary rocks (Williams. 1979; Strong et al., 1978; King, 1988). AJthough little 
deformed and metamorphosed in the eastern part of the zone, Avalonian rocks in the 
western Avalon Zone and along t~e south coast of Newfoundland were considerably 
affcdcd by Paleozoic tectonothermal events (O'Brien et al., 1989) The Avalon Zone is 
characterized by a variety of magmatic events that took place at about 760 Ma, 680 - 670 
l\1a, 6ZO Ma and 580- 550 Ma (O'Brien et al, 1992) and predate the development ofthe 
Appalachian Orogen 
. . - ~ 
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2.3 Gander Zone 
The Gander Zone (Fig 2 . I) is characterized by Cambrian and Ordovi(ian, 
predominantly metasedimentary rocks that display a high degree of deformation and 
metamorphism. These rocks are thought to represent marine deposits from the eastL'rn 
margin of Iapetus, and have been widely interpreted as representing the scdinwntary wed~e 
derived from Gondwana (Williams, 1979; C'olman-Sadd, 1980). The Gdndcr Zone rod.-s 
were affected by a major Ordovician deformational event (the l}enobscot OrogL'ny) durin~ 
which they were structurally overridden by ophiolitic complexes derived from the DunnagL' 
Zone (Dec and Colman-Sadd, 1990;Colman-Sadd et al, 1992) 
2.4 llumber Zone 
The Humber Zone (Fig. 2 . 1) represents the ancient North American Lalm·ntian 
continental margin. Crystalline rocks of the Grenvillian basement arc unconfimnahly 
overlain by latest Precambrian to earliest Cambrian siliciclastic and rift-rdatcd vokanic 
rocks and thence by a Cambro-Ordovician carbonate-dominated sequem:e developed on a 
passive continental margin (e.g . Williams, 1979;Williams and llis~:ott , J9K7) Scdillll'lllary 
rocks of the zone in Newfoundland were variably affected by Appalachian deformation, 
although their counterparts overlying the Canadian Shield to the north and west of the 
Appalachian structural front in Quebec and further south along the orogen, were not 
2.5 Dunnage Zone 
The Dunnage Zone (Fig. 2 . 1) is considered to represent remnants ofthc Iapetus 
Ocean, which lay between the Laurentian and Gondwanan continents during the early 
Paleozoic. It is underlain by disrupted and deformed Cambrian to Ordovician ophiolitic 
complexes, anJ a complex assemblage of volcanic and volcaniclastic rocks that a1c 
variously younger and older than the ophiolitic rocks. Pre-Silurian rocks of the Dunnage 
Zone are overlain by various Silurian and younger overlap sequences (Fig 2 I) which record 
terrestrial volcanism and sedimentation in epi-continental calderas and successor basins, 
respectively. 
' '• \, • • ~ ' t - • : 
' ' - . . ~ ~ ' ' 
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The similarity between the volcanic, volcaniclastic and ophiolitic sequences of the 
central Newfoundland Dunnage Zone and rocks forming in modern volcanic island arcs has 
been pointed out by many authors in regional syntheses (e.g. Wilson, 1966; Bird and 
Dewey, 1970; Strong, 1977; Dean, 1978) as well as in more specific study areas (e.g. 
Cutwcll Group: Kcan and Strong, 1975; Snooks Arm Group: DeGrace et al, 1976) 
Geochemical and isotopic studies suggest that both the ophiolites and most if not all of the 
vokanic/epiclastic sequences were generated in supra-subduction zone environments (Sun 
and Nesbitt, 1978; Upadhyay and Neale, 1976) and represent a complex assemblage of 
magmatic arc and marginul basin settings ranging in age from Late Cambrian to Early 
Ordovician (e g Coish et al, 1982; Dunning and Charlton, 1985; Swinden et al., 1990; 
Dunning et al, 1991 ; Jenner et al, 1991). 
On the basis of differences in pre-Middle Ordovician regional geology, stratigraphy, 
faun:.t , geophysical signatures, and isotopic characteristics, Williams et al . ( 1988) divided 
the Dunnage Zone into the Notre Dame and Exploits subzones (fig. 2.1 ), which are 
structurally juxtaposed along a complex fault zone, termed the Red Indian Line (Williams et 
al, I9H8 ) . The major geological difference between the Notre Dame Subzone and the 
Exploits Subzone is the presence in the latter of a relatively complete post-middle 
Ordovician, palcontologically dated, succession of Llandeilo to Ashgill black shale, 
overlain gradationally by sandstone, ::onglomerate, and melange of Caradoc to late 
Llandovery age (Dean, 1978; Arnott, McKerrow and Cocks, 1985; Williams, S.H., 1989). 
This succession is missing from the Notre Dame Subzone. A further difference between the 
subzones is expressed in contrasts in the affinity of Lower Ordovician fauna. Arenig fauna 
in the Exploits Subzone are of Gondwanan affinity (e.g. Williams, S.H. et al, 1991); 
whereas, fauna of similar age in the Notre Dame Subzone are of Laurentian affinity 
(Nowlan and Thurlow, 1984; O'Brien and Szybinski, 1989; Williams, S.H., 1989). 
Swindcn et al. ( 1988) and Williams et al. ( 1988) !lave noted isotopic contrasts of 
volcanogenic sulphide deposits on opposing sides of the Red Indian Line. Colman-Sadd et 
al. ( 1992) have suggested that these lines of evidence suggest that the Notre Dame Subzone 
and Exploits Subzones formed in disparate areas of Iapetus, the former near the Laurentian 
margin and the latter at some outboard position, perhaps in part at the Gondwanan margin. 
The first rocks to be a~creted to the Laurentian ~fargin during closing of th~ lap\.·tus 
Ocean were inboard units of the Notre Dame Subzone and their accretion is widdy 
accepted to mark the beginning of the Ordovician Taconian Orogeny. Studi~s ~y Ncunmn 
( 1984) and Colman-Sadd et al. ( 1992) suggest that the emplacement of Exploits Suhwne 
onto the Gander Zone took place prior to amalgamation of the Notre Dame and Exploits 
subzones, implying that the pre-Middle Ordovician geological evolution of the Exploits 
Subzone may have proceeded largely independently from that of the Notre Danw Suh.tllllC 
Geochronological studies in recent years (e.g. Dunning and Krogh. 19~5; Dunning ct 
al, 1987; Dunning et al , 1991; Jenner et al. 1991) have shown that ophiolitic and 
volcaniclastic/epiclastic sequences were generated during approximately the same time span 
(latest Ca;nbrian to Llandeilo) in both subzoncs. Geochemical studies of vokanic and 
subvolcanic rocks from a variety of sequences throughout the Dunnage Zone have hl'l'n 
interpreted to indicate that ophiolitic and volcanic sequences in both subzones formed in 
similar tectonic settings (e.g. Jenner and Szybinski, 1987; Swindcn, 19~~. Jenner ct al. 
1991; Dunning et at., 1991 ; Jenner and Swinden, 1993). Taken as a whole, these studies 
suggest that the Cambro-Ordovician volcanic sequences and associated ophiolites in central 
Newfoundland evolved in supra-subduction zone environments, which produced similar 
volcanics in a time-frame similar to that now seen in the southwest Pacific. 
2.6 Relationships Between The Dunnage And Other Zones 
Boundaries between the Dunnage and both Gander and I lumber zones (Fig 2 I) 
represent boundaries between oceanic and continental rea!ms. The division between the 
Dunnage and Gander.- ·.nes was first described in the area north of Gander Lake where it 
was variously described as a structural boundary (Uzuakpunwa, I 973) or an unconfi>rmity 
(Kennedy and McGonigal, 1972). Although still a matter of some controversy, recent 
structural studies indicate that the Humber/Dunnage boundary in this area is most likely 
structural with a long and complex movement history (Goodwin and O'Neill, 1991) Recent 
work in south-central and southern Newfoundland (e.g . Colman-Sadd and Swindcn, I CJK4, 
Piasecki, 1988) has shown that the boundary between these :~ones in this area is also a 
complex structural boundary, exposed in a number of areas where Dunnage Zone rocks can 
' . . ~ . .. ' ' , " 
~ -.. ~ . ' " . . ~ - .. . 
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be shown to structurally overlie rocks of the Gander Zone. On the basis of reinterpreted 
published gravity data, Karl strom ( 1983) proposed that the Dunnage Zone is allochthonous 
on the Gander Zone. This and geological evidence in the Mount Cormack area, 
south-central Newfoundland, led Colman-Sadd and Swinden (1984) to conclude that 
Gander-type rocks within the Dunnage Zone in this area are exposed in tectonic windows 
(sec also Williams et al., 1988; Colman-Sadd et al., 1992). The minimum age of 
emplacement of the eastern part of the Dunnage Zone upon the Gander Zone is constrained 
by the ca 475 Ma age of the stitching Partridgeberry Hills granite near Coy Pond, and the 
event has been assigned to the Penobscot Orogeny (Colman-Sadd et al., 1992). 
Sedimentological linkages were established between the Gander Zone and the eastern part 
of the Dunnage Zone after the Late Arenig (Colman-Sadd et al., 1992). 
The Penobscot Orogeny on the Gondwanan margin was approximately coeval with 
the Taconian Orogeny on the opposite Laurentian margin of Iapetus, during which rocks of 
the Notre Dame Subzone were emplaced upon the Humber Zone. The Dunnage - Humber 
boundary (Fig. 2.1) is represented by the Baie Verte-Brompton Line (BVBL) (Williams and 
St.-Julien, 1982), a relatively narrow and steep fault zone marked by discontinuous 
ophiolitic blocks and considered by some workers (e.g. Williams and St.-Julien, 1982) to be 
the root zone for allochthonous ophiolites (e g parts of Hare Bay and Humber Allochthons) 
emplaced on the Laurentian margin. Ophiolitic and mafic volcanic rocks are common east 
of the BVBL where they arc intruded by the Burlington granodiorite (Silurian, G. Dunning 
and P. Cawood, pcrs. comm.). In contrast, west of the BVBL, metamorphosed and 
deformed clastic rocks of the Humber Zone form the dominant lithology (Wiliiams, 1979). 
The B VBL can be traced along the strike extent of the Canadian Appalachians, 
although locally it is covered by Silurian and younger overlap sequences or overprinted by 
younger structures (Williams and St.-Julien, 1982). The lineament cannot be detected on 
seismic profiles, and it appears from seismic evidence not to affect Grenvillian basement, 
which is interpreted to extend at depth from the Humber Zone eastward for at least 70 km 
beneath the Dunnage Zone (Keen et al., 1986). 
A large klippe tcm1ed the Humber Arm Allochthon, derived from the Notre Dame 
Subzone and the adjacent continental rise and slope, structurally overlies the Humber Zone 
• • ' • ~ : ... • /1 • ~ -: • ' ' 
(Fig.2 . 1) (Williams et al., 1988; Colman-Sadd et a1 , 199:!) Ophiolitic roc i-s assignl'd to tlw 
Bay of Islands Complex (Fig. 2.1) fom1 one of the structurally highest slices in this 
allochthon. The emplacement of the Humber Am1 Allochthon is widely intl'rprl'tl·d as a 
principal manifestation of the middle Ordovician Taconian Orogeny and its arrival at the 
Laurentian margin is interpreted to be marked by the first appearance of ophiolitic tktritus 
in fossiliferous late Arenig clastic sediments of the Humber Zone foreland llysch (Williams 
and Stevens, 1974; Casey and Kidd, 1981; Stevens, 1970; William~. Sll and SkH'ns. 
1988). The stratigraphic age is consistent with a .II.) Ar/19 Ar age of 469 t/-5 Ma on 
hornblende from the metamorphic sole of the Bay of Islands Complex (age recakulated 
with new decay constant from Dallmeyer and Williams, 1975). 
2.7 Overlap Sequences 
Lower Silurian igneous and sedimentary rocks intruded and were dl•posikd upon the 
allochthonous Dunnage Zone sequences (Fig. 2.1) following their accretion to the 
Laurentian margin (e.g. Coyle and Strong, 1987; Whalen, 1989). These rocks arc very 
widespread and the area of exposure of Silurian plutonic and volcanic rocks in central and 
southern Newfoundland exceeds that of the older oceanic rocks. Silurian volcani..: and 
sedimentary rocks are common in the eastern portion of theBaic Vcrte Peninsula. and 
along the west side ofWhite Bay, and they fom1 part of an overlap assemblage that 
straddles the BVBL (e.g. Coyle and Strong, 1987). Silurian terrestrial volcanic and 
sedimentary rocks represent the high level expression of a widespread magmatic, 
metamorphic and deformational event which has been recently widely recognized and 
termed the Salinic Orogeny (Dunning et al., 1990; O'Brien et al, 1991 ). In the vidnity of 
the present study area, Silurian rocks are principally assigned to the Springdale Group and 
the King's Point Complex. 
The Springdale Group is an extensive sequence of subaerial mafic and felsic volcanic 
rocks, overlain by fluviatile sedimentary rocks (red beds). It lies unconformably upon 
Lower Ordovician volcanic rocks of the Catchers Pond and Robert's Arm Groups (Coyle 
and Strong, 1987) Volcanic rocks have yielded U-Pb zircon ages from 432 i 2/- I to 425 + 
3/-3 Ma (Whalen et al., 1987; Coyle, 1990). Geochemical data from rocks of the Topsails 
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Complex, which is spatially and genetically related to the Springdale Group, indicate that 
the magmatic activity was apparently tapping sources typical of those commonly associated 
with subduction zones (e g. Whalen et al., 1987; Whalen, 1989). 
Felsic volcanic and intrusive rocks of the King's Point Complex (Mercer et al. , 1985; 
Kontak and Strong, 1986), are exposed in the eastern part ofthe Baie Verte Peninsula, 
s<~paratcd from the study area by the Green Bay Fault. A U-Pb zircon age of 427 + 2/-2 Ma 
for a syenitic phase of the intrusion indicates that complex is coeval with the Springdale 
Group (Coyle, 1990) Further to the north and west on the Baie Verte Peninsula, subaerial 
volcanic rocks assigned to the Cape St. John Group (Hibbard, 1983) have yielded a U-Pb 
zin.:on age of 427 + 2 /-2 Ma (Coyle, 1990) and are interpreted to be regionally correlative 
with the Springdale Group and the King's Point Complex (Coyle and Strong, 1987). 
Carboniferous (AIIeghenian) orogenic activity is predominantly recognized in the 
t lumber Zone in the development and deformation of post-Late Devonian successor basins 
(e g . Knight, 1983 ). Small outliers of Carboniferous sedimentary rocks are found in the 
Notre Dame Subzone including a small outcrop which unconforrnably overlies the Lushs 
Right Group at King's Point, but is at least locally fault bounded (Kean and Evans, 1987). 
2.8 Ophiolites And Volcanic-Epiclastic Sequences Of The Notre Dame Subzone 
The Notre Dame Subzone is underlain by submarine magmatic and sedimentary rocks 
interpreted to have formed in a series of island arcs and back-arc basins at and near the 
ancient Laurentian margin. Marine volcanism and sedimentation took place over more than 
55 Ma, from the Upper Cambrian to the Middle Ordovician. The sequence of events in the 
Notre Dame Subzone is currently interpreted on the basis of a number of high prec:ision 
U-Pb zircon ages (e.g. Dunning and Krogh, 1988) which constrain the magmatic activity in 
this area to at least two time intervals characterized by the generation of volcanic rocks of 
island arc affinity and associated epiclastic sediments (ca. 505 Ma and earlier; ca. 482-460 
l\1a) and an intervening, partially overlapping time interval during which ophiolitic rocks 
were formed (ca. 492-475 Ma). This series of events is summarized below (U-Pb zircon 
ages and the time scales of Tucker et al, 1990, and Cooper, 1992, are used): 
~- s 
2 8.1 STAGE I: C A 505 1\fA AND OLDER. UPPER C t\~1B~L:\NCl TO ~II DOl.~ 
TREMADOC 
This time interval is principally represented in the Notre Dame Suhzonc hy the Twil-
lingate Trondhjemite in eastern Notre Dame Bay which has been dated at 507 ~ ]/-2 l\1a 
(Elliott et at., 1991 ). Geochemical and geological studies suggest that this intrusion may 
have formed through partial melting at the base of an island arc (Payne and Strong. 
1979). The Twillingate Trondhjemite intrudes mafic pillow lavas of the Sleepy Cove 
Group, which have geochemical signatures indicative of island arc atlinity (II S 
Swinden, unpublished data), and its age provides a minimum age for this volcanism In 
the Humber Arm Allochthon, trondhjemite of the Little Port Complex. widely inter-
preted to have been derived from the Notre Dame Subzone, has yielded a similar age 
(505 +3/-2; Mattinson, 1975; Jenner et al ., 1991) and geochemical studies of the 
trondhjemite and associated pillow lavas also suggest an island arc allinity {Jenner ct al . 
1991). 
2.8.2 STAGE 2: CA 492 TO 475 MA. MIDDLE TREMADOC -_MIDDL~ ARENIG 
During this time interval, ophiolites were generated in the Notre Dame Subzone. In 
the western part of the Notre Dame Subzone, ophiolites which arc now exposed in and 
immediately east of the BVBL are considered to be middle Tremadoc, based on a U-Pb 
zircon age on gabbro from the Betts Cove Complex as 489 +3/-2 Ma (Dunning and 
Krogh, 1985). The Bay of Islands Complex in the I lumber Arm Allochthon, generally 
considered to have been derived from the Notre Dame Subzone, has yielded a U-Pb zir-
con date of 485.7+ 1.9/-1.2 Ma (Dunning and Krogh, 1985) A somewhat younger gen-
eration of ophiolitic rocks occurs on the eastern side of the Notre Dame Subzone. The 
Annieopsquotch Complex has yielded ages of 477.5 +2.6/-2.0 Ma and 481 4+4 0/-1 9 
Ma (lower-middle Arenig) (Dunning and Krogh, 1985) and an age of 4 79 t /-1 Ma on 
Mansfield Cove Complex trondhjemite (Dunning et al., 1987) provides a minimum age 
for ophiolitic rocks of the Hall Hill Complex which it intrudes. As previously noted, 
there is geochemical and/or isotopic evidence in all of these ophiolitic rocks for the in-
volvement of subduction-contaminated mantle sources. This, coupled with the fact that 
the age of formation of all dated ophiolites is younger than the age of the oldest dated 
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rocks generated in island arc environments, suggests that the ophiolites represent the 
back-arc I marginal basin crust rather than lapetan oceanic crust sensu stricto (Sun and 
Nesbit, 1978, Upadhyay and Neale, 1979; Dunning and Chorlton, 1985; Dunning et al., 
I 991, Jenner et al, 1991) 
The Betts Cove Complex on the eastern edge of the Baie Verte Peninsula (Upadhyay 
ct at ., 1971; Upadhyay, 1973) provides a good illustration of the geochemical character-
istics of Dunnage Zone ophiolites. Pillow lavas from the extrusive sequence display a 
wide range of geochemical signatures that includes high-Mg andesites and boninites, 
theleiitic basalts of MORB affinity, as well as island arc tholeiites (e.g. Coish et al., 
1982; Swinden et al ., 1989; G.A. Jenner, unpubl. data). The presence ofboninites has 
been cited as evidence for formation ofthe Betts Cove Complex in a supra-subduction 
zone setting (e.g. Sun and Nesbitt, 1978; Co ish et al ., 1982). The ophiolitic complex is 
overlain (conformably?) by volcaniclastic rocks interfingered with two units of pillow 
lava of ocean island affinity (Jenner and Fryer, 1980). Geological information, combined 
with geochemical signatures of mafic volcanic rocks and Nd isotopic data, suggest that 
the Betts Cove Complex formed during island-arc rifting; whereas, the overlying Snooks 
Arm Group represents subsequent volcanism and sedimentation associated with the 
formation of a back-arc basin . . 
~~. 3 STAGE 3: CA 484 MA TO 460 MA. LOWER ARENIG TO LLANDEILO/ 
CARADOC BOUNDARY 
During this time interval, a younger generation of island arc(s) rocks was formed that 
arc now exposed mainly in the structurally complex Buchans-Roberts Arm Volcanic Belt 
along the eastern side of the Notre Dame Subzone (Bostock, 1988; Swinden, 1992; Dec 
et al., 1994 ). These rocks are principally distinguished by their ubiquitous calc-alkalic 
geochemical signatures and the common association with felsic volcanic rocks. The 
oldest dated rocks are calc-alkalic volcanic rocks of the Cottrell's Cove Group, which 
have recently yielded a U-Pb zircon age of approximately 484 Ma (Dec et al., 1994). 
Further to the west and south, felsic volcanic rocks of the Buchans Group and Roberts 
Arm Group have been dated at 4 73 + 3/-2 Ma and 473 +/-2 Ma, respectively (Dunning 
.:! - to 
et al, 1987) Slightly younger felsic rocks of the Cutwdl Group yidd an ag~: of 4(,1l 
+5/-3 Ma (Dunning and Krogh, 1988) 
2.9 The \Vestern Notre Dame Bay Area 
The focus of this thesis is the geological relationships in the western part of Notrl' 
Dame Bay. The area to be considered is bounded to the west and northw~:st by the Gr~:cn 
Bay Fault, to the .>outh by the Lobster Cove Fault, to the cast by League Rod and to tlu.· 
north by the ocean. It includes the Springdale Peninsula, Little Bay, t•illcy's. Triton and 
Long Islands, and a number of intervening smaller islands 
The early understanding of the geological character and evolution of the Dunna!!l' 
Zone was largely based on study of the well exposed coastal sections of the Notre Dam~: 
Bay region in central Newfoundland. Interest in the Notre Dame Bay region was fi.1ebl in 
the middle and late 1880's by the discovery of copper deposits in the volcanic rods. mainlv 
on the Baie Verte and Springdale Peninsulas. In the last quarter ofthc r,inctccnth century, 
the area was a main center for copper production worldwide. The importance of the 
western Notre Dame area was recognized by the Newfoundland Geological Survey t:arly 
geological work was carried out by AH. Murray and J.P. Howley (Murray and llowley, 
1881; 1918) and continued into first half of twentieth century. Work of particular rclcvancz· 
to the present study was carried out by Espenshade (I 93 7) in the Pilley's Island-Badger Bay 
area and by MacLean ( 194 7) in the Springdale area. These studies provided the early 
definition oflithostratigraphic relationships in this area. Since this time, there have been a 
large number of geological studies within the area. These are detailed and summari1.ed in 
Chapter 3. 
The geological history and setting ofthe Notre Dame Bay region is complex and 
reflects many aspects of the tectonostratigraphic development of the Dunnage Zone and its 
accretion to the Laurentian margin. This region contains structural blocks bounded hy a 
number of major fault zones with potentially long and complicated histories ( e g. Lukes 
Arm Fault, Green Bay Fault, Lobster Cove Fault, Chanceport Fault) (Espenshade, 1937, 
MacLean, 1947; Dean and Strong, 1977; CaJon and Szybinski, 1988; LaFrance, I 1J89; 
Blewett, 1989; Elliott et al ., 1990, Cawood and van Gaol, 1993). 
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The geographic dtstribution of the western 1\:otre Dame Bay area as v.el1 as included 
and adjacent lithostratigraphic units within the Notre Dame Subzone are illustrated in fig. 
2 2 The western Notre Dame Bay area is separated from rocks of the Baie Verte Peninsula 
hy the Green Bay Fault and from the Roberts Arm Group by the Lobster Cove Fault 
Prior to this thesis, the stratigraphy in the southwestern part of the western Notre 
Dame Bay area was described in terms of the following lithostratigraphic units: The Lushs 
Bight Group, interpreted to be the oldest rocks in the area, consists predominantly of 
pillowed mafic flows with significant areas of sheeted dykes and minor ultramafic rocks 
(Kean, JCJ84, Kean ct al, 1995) The Lushs Bight Group is considered to be directly 
overlain by the Western Arm, Catchers Pond and Cutwe11 groups to the nonhwl!st, 
southwest, and northeast, respectively. These rocks consist of mafic volcaniclastic rocks 
intcrfingered with pillow lava and, to a lesser extent, with felsic pyroclastic rocks (e.g . 
Dean, 11)78; Kcan, 1984) faunal (e.g. Dean, W. 1970; Williams, SJl 1989), 40Ar/J9Ar, 
and U-Pb zircon ages (Stukas and Reynolds, 1974; Dunning and Krogh, 1989; Ritcey, 
1993) indicate that these rocks span the time interval from Lower Tremadoc to Lower 
Llanvirn (i c approx. 40 Ma). Revisions to the currently accepted lithostratigraphy are 
proposed later in this thesis, to account for new field data. The youngest stratified rocks in 
the area arc a sliver of the Silurian Springdale Group basalt and clastic sediments which 
structurally overlies rocks of the Catchers Pond Group. Red sedimentary rocks of the 
Springdale Group arc also found along the trace of the Lobster Cove Fault, which forms the 
southern boundary of the study area. These rocks, form an overlap sequence which 
provides important evidence as to the movement history of this fault and have considerable 
bearing on the interpretation of the history of the western Notre Dame Bay area. As well, 
dykes of Silurian age intruding the latter were documented by Ritcey ( 1993). 
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CHAPTER 3: STRATIGRAPHY OF WESTERN NOTRE DAI\IE BA \" 
3.1 Previous Work And Nomenclature 
The stratigraphic nomenclature in the study area, established prior to this work, 
recognized four major lithostratigraphic units, the Lushs Bight, Western Arm, Cat,hcrs 
Pond, and Cutwell groups (Fig. 3.1 and Fig. 3.2). The Lushs Bight Group was thought to 
be the oldest and in either stratigraphic or structural contact with the other three groups 
(e.g. Williams, 1962; Bird and Dewey, 1970; Marten, 1971a, b) Rocks of the l.ushs Bight 
Group were thought to form the upper part of an incomplete ophiolite (i c . la,king 
ultramafics and most of the gabbroic sequences) and to be of oceanic atlinity 
(Smitheringale, 1972; Strong, 1973). The Western Arm, Catchers Pond and Cutwcll 
groups have been interpreted as products ofisland arc volcanism (Kean, 1971, Kcan and 
Strong, 1975; Strong, 1977, Dean, 1977, 1978), but only the Cut well Group had suflkil·nt 
stratigraphic and geochemical data to support this interpretation (Kean, 1973, Kcan and 
Strong, 1975; Strong, 1977). The Western Arm Group Jacked any geochemical data and 
almost nothing in deL.lil was known about the geology of the Catchers Pond Group More 
information on previous work and nomenclature within these four units is presented below 
3 .1.1 LUSHS BIGHT GROUP 
The Lushs Bight Group was defined by Espenshade (1937) and named alh:r the type 
locality in the Lushes (present spelling) Bight area on Long Island. MacLean ( 1947) 
correlated the rock units on Springdale Peninsula with the Lushs Bight Group, anc.; 
divided them into two sections: the lower Little Bay Head Section containing mainly 
basaltic flows, and the higher Western Arm Section, which also included volcanicl::tstic 
and sedimentary rocks. Marten ( 1971 a, b) redefined the group and changed the rank of 
the Western Arm Section to group, whereas Kean and Strong ( 1975) included vokanic 
and volcaniclastic rocks on Long Island in the Cut well Group. At present the l .ushs 
Group includes only volcanic rocks and sheeted dykes (e.g. Kean and Evans, I CJR7; Kcan 
et al., 1995), and there are no rocks of the group near Lushes Bight or anywhere on 
Long Island. 
The Lushs Bight Group has been the focus of detailed mapping by a number of 
workers and descriptions of rock types included in the group are found in Fleming 
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( 1970 ), Marten ( 1971 ), Sayeed ( 1971 ), DeGrace ( 1971) and Kean ( 1983, 1984 ) . The 
most rel:ent mapping ofthc Lushs Bight Group (Kean and Evans, 1987a, b) identified 
two major lithological units; the lowest, exposed unit consists of sheeted dykes, and is 
overlain by an extensive unit of pillow lavas, lesser pillow breccia and a minor sequence 
of argillite and jasper. On the ba.;is of subsequent geochemical studies on samples 
collcl:tcd during this mapping it was suggested that the Lushs Bight Group formed in a 
supra - subduction zone environment and records the early stages of island arc evolution 
(Jenner et al, 1988, Swinden et al, 1989; Jenner et al., 1991 ; Kean et aL 1995; Jenner 
et at , in prep.). 
The Brighton Complex, interpreted to be in intrusive contact with the Lushs Bight 
Group ( llussey, 196 7), yielded an 40 Ar/39 Ar age of 495 +I- 5 Ma (Stukas and Reynolds, 
1974 ), which provided a minimum age of deposition. Thus, the Lushs Bight Group was 
tentatively assigned an Upper Cambrian- Lower Ordovician age (e.g . Kean, 1984, 
19X<J). although it lacked fossils and/or direct radiometric age determinations 
J U WI:STERN ARM GROUP 
Ma~Lean ( 194 7) was the first to propose a stratigraphic order in the Western Arm 
section, which he considered to be the highest unit within the Lushs Bight Group. He 
divided the section into two basalt pillow-lava formations, the Basal and the Upper, 
interbedded with the sedimentary and pyroclastic formations, respectively. Marten 
(1971a, b) changed the status ofthc section to group, revised the lower boundary ofthe 
unit and refined the stratigraphy. He drew the boundary between the Lushs Bight and 
the Western Arm groups at the base of the first mappable tuff unit in the upper part of 
the Basal Basalt Pillow-lava Formation, and included the basal pillow lavas (his "black 
facies") in the Lushs Bight Group. Matten (1971a, b) named the lowest formation within 
the Western Arm Group the Skeleton Pond Tuff, md suggested that it conformably 
overlies pillow lava of the "black facies" . The Skeleton Pond Tuff consisted 0f three tuff 
members interfingered with two flow members, and was overlain by a ~hick sequence of 
pillow basalt, the Big Hill Basalt. The Welsh Cove Tuff, a unit composed of felsic 
J - _l 
crystal and welded tuffs interbedded with chert. argillite and mafic tuiT separated the: Big 
Hill Basalt from the \\'estern I lead Agglomerate. a massive coarse. mafic agglom~.·rate 
forn1ing the top of the group. Sills of diabase, gabbro and a small plu111n of quartz 
diorite (Dolland Arm Head Quartz Diorite of MacLean. 194 7) which intmdrd thl·sc: 
units, were interpreted by Marten to be co-magmatic with the volcanism Thl· \\\·stern 
Arm Group has been correlated with the Snooks Arm Group (Upadhyay. c:t al. JtHJ . 
Marten, 197lb) and the Cutwell Group (1\fanen, 197lb) 
A singie specimen of the brachiopod Discotn:ta sp was reported hy t\lacLcan ( t•>-t7) 
from shales near the top of the Basal Basalt Pillow-lava Formation ( lmwr part of the: 
Skeleton Pond Tuff of Marten, 1971 b). The fossil age was concluded to he "fairlv 
definitely Canadian, probably Late Canadian" (~1acLean, !94 7). v. hid1 represents LmH·r 
Ordovician (Moore, 1965; Barnes et at.. 1981) 
3 .1.3 CATCHERS POND GROUP 
The name "Catchers Pond Group" was introduced, informally, by Bird anu Dewey 
(1970) in their classic paper on the evolution ofthc Appalachian Orogen These authors 
suggested that the Catchers Pond Group overlies the Lushs Bight Group and assigned 
the group an Arenig age, based upon information from Boucot ( 196X ). who discovcrl·d a 
single bed of fossiliferous limestone within rocks of the group Trilobites from this 
limestone bed yielded an Early Ordovician, possibly Arenig age (Dean, llJ70, Bouwt. 
1973). Identification of conodonts from the same locality (Klapper. in Dean, IIJ70, 
Bergstrom et at., 1974) supported this age 
Dean (1977, 1978) defined the Catchers Pond Group and included it in the 
pre-Caradocian "immature island arc" sequences, correlating the group with the Cu!wcll , 
Western Arm and Snooks Arm groups, amongst others. lie also noted that felsic 
volcanic rocks are more abundant in this unit than in any of the groups it was correlated 
with. 
3.1.4 CUTWELL GROUP 
The Cutwell Group is the most studied unit within western Notre Dame Bay The 
Cutwell Group was introduced by Espenshade ( 1937), who named the volcanic sequence 
north of the Lobster Cove Fault the "Pilley's Series" and subdivided it into the lower, 
• .I " • .. • -- ~ 
, ~ 
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mostly pyroclastic Cutwell Group, and overlying it pillow lavas of the Lushs Bight 
Group This order was reversed by Williams (1962), who reported fossils of probable 
lower Middle Ordovician age from limestone breccia associated with volcanic rocks of 
the Cutwcll Group 
The group was formally defined by Kean ( 1973 ), who described it as a continuous, 
south-facing sequence of volcanic and volcaniclastic rocks, comprised, from bottom to 
top ofthc 
Stag Island Formation - intrusive breccia, pillow lava and diabase; 
Pigeon llead Formation - deep-water chert and turbidite; 
Quinton Cove Formation -coarse agglomerate; 
Burnt llead Formation - pillow andesite, intermediate pyroclastic rocks, 
cherty shale and tuff; 
Parson's Point Formation - shallow water limestone, greywacke and shale; 
Seal Cove Complex - intrusive and extrusive felsic rocks that occur between 
the upper part of the Burnt Head Formation and the middle part of the 
Long Tickle Formation, were assigned to this complex; and 
Long TickJe Formation - agglomerate, pillowed to massiv.• lava, tuff and thin 
beds of fossiliferous limestone. 
Kcan ( 1984) found that the sequence of pillow lava, tuff breccia, mafic tuff and red 
argillite rocks previously assigned by Espenshade (1937) to the Lushs Bight Group on 
Pilley's and Triton Islands were lithologically unlike the typical Lushs Bight Group. He 
referred to them as "Cutwcll Group" type rocks (Kean and Evans, 1987; Kean, 1989). 
The stratigraphic order and chemistry of volcanic rocks from this sequence led Kean 
( 1973) to the conclusion that they are of island-arc affinity. In a later paper he 
interpreted this succession to represent a transition from immature to mature island arc 
(Kcan and Strong, 1975) 
The Cutwell Group was tentatively assigned to the Middle Ordovician on the basis of 
conodont fauna from Little Bay Island (Williams, 1962) and cephalopod fauna from thin 
beds of limestone along the southern shore of Long Island (Strong and Kean, 1972). A 
Caradocian age for black shales from the Parson's Point Formation was suggested b) 
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Dean ( I977, I978), based upon graptolite fauna. Following this identification. Dean 
( 1977, I978) included formations underlying the shale on Long Island in the 
pre-Caradocian "immature island arc" sequences and fom1ations 0vcrlying the shale in 
post-Caradocian "mature island arc" sequences. The proposed Caradocian age of rock 
sequences on the island was subsequently shown to be incorrect by conodont fauna from 
limestone nodules in shale beds on Long and Oil Islands, which gave Llanvirn. prohahly 
Lower to Middle Llanvirn ages (Meyer et al., 1988). Dunning and Krogh ( 1988) 
obtained an age (U-Pb zircon) of 469 +5/-3 Ma for a felsic tuff overlying the fossiliferous 
shale and limestone beds on Oil Island. 
3.2 Revised Stratigraphy Of The Western Notre Dame Blly 
The most serious problem with the existing stratigraphic frarnl' work in the study area 
is that the structural complexity of the region is considerably greater than any of the 
previous authors recognized. As will be shown in Chapter 6, the area is located on a large 
recumbent fold, which was later deformed by extensive fold and thrust systems, likely 
exposing both limbs of the structure and controlling the present distribution of 
lithostratigraphic units. Structural modifications, together with lithostratigraphic 
diachroneity and limited lateral extent of some volcanic facies, complicate stratigraphic 
analysis within the area. Because of the generally sheared nature of the lithological 
contacts and the repetition of rock units across many structural discontinuities, contact 
relationships between various lithostratigraphic units in the Notre Dame Bay area arc rarely 
clear. Failure to recognize these complexities, has in the paM, resJltcd in erroneous 
correlation of units and a complex stratigraphic nomenclature within the study area, as well 
as to the south of it, in the Silurian Springdale Group (e.g Coyle and Strong, I 1)H7; Coyle, 
1990). 
By combining lithological observations made during this study and previously 
published reports (Espenshade, 1937; MacLean, 1947; Marten, 1971; and others) with 
careful documentation oflithostratigraphic contacts and examination of structural 
relationships between various structural blocks in the area, the following large scale 
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lithostratigraphic division of units in western Notre Dame Bay and nonh ofthe Lobster 
Cove Fault is proposed (Fig 3.3 and Fig. 3.4): 
I) The Lushs Bight Group, as defined by Kean and Kean and co-workers ( 1983, 
1984, 1989, 1994), but without the "black facies" ofManen (1971a, b); 
2) The Western Arm Group, modified after Mancn (1971a, b), which incorporates 
in addition rocks previously included in the Catchers Pond Group and the "Cutwell 
Group" type units on Pilley's and Triton Islands, unconformably overlies the Lushs 
Bight Group; and 
3) The Culwell Group, modified after Kean (1973) and Kean and Strong (1975) 
which is younger and most likely unrelated to either of the above groups, but 
without the Stag Formation (Kean, 1973 ). 
ldcntification of three major lithofacies facilitates division of these groups into 
formations and members. The terminology used herein is adapted fi·om Fisher and 
Schmincke (1984) and Busby-Spera ( 1988): 
I) ~ufT lithofacies - tuffaceous chens and shales, fine to sandy textured, reworked 
tufTs, locally interbedded with pyroclastic, panially welded flows; 
2) lapilli tufT-tufT breccia lithofacies- a variety of volcanic fragments in a fine to 
medium grained tuffaceous matrix, interpreted as deposited from debris and 
pyroclastic flows; and 
3) primary volcanic (herein called "flow") lithofacies - basaltic to andesitic massive 
and pillowed flows, pillow breccias, and felsic domes including flows, pyroclastic 
rocks and minor intrusive phases. 
Pyroclastic rocks consist of various volcanic lithic fragments, pumice clasts, glass 
shards, and pyrogenic crystals. Epiclastic volcanic rocks are formed by weathering and 
erosion of volcanic rocks, and are referred to as tuffaceous sandstones or siltstones, 
although the distinction between tuff, reworked tufT and tuffaceous sandstone may be 
equivocal. The granulometric classification is as follows: tuff is considered to be the 
lithificd equivalent of ash (size <2 mm), lapilli tuff refers to a pyroclastic deposit which 
contains a visible percentage oflapilli (size 2-64 nun), and tufTbreccia contains a visible 
percentage of bombs or blocks (size >64 mm). 
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3.2 .1 LUSHS BIGHT GROUP 
The Lushs Bight Group was recently the sut-jc~t of a 1. 50.000 gcolugical mapping 
and metallogenic study by Kean, 1983, 1984, 1989; Kean and Evans. I Q87a. h. I\. can l't 
al ., 1 995). The area covered by that mapping was cJVered in this study only t'ly cursory 
traverses in order to make correlations between widely scattered Sl'Ctions of the Western 
Arm Group, and to determine the number of deformational events aiTecting the l.ushs 
Bight Group. This project did not involve re-mapping of the area undl·rlain hy the l.ushs 
Bight Group, except for smaller sections, where allocation to the group was qucstionahll' 
(e.g. section south of King's Point). The generalized stratigraphy ofthc lushs Bight 
Group proposed by Kean and co-workers is adopted here, with the follow1ng 
modifications based on the present work. 
3 .2 . 1 .I Indian Beach Complex 
The name Indian Beach Complex is proposed for the lowest lithostratigraphic unit 
within the Lushs Bight Gr<'up. It is a widespread unit of sheeted dykes and extensive 
dyke swarms intrusive into pillow lava, generally occurring in fault bound<!d hhH.:ks 
The largest outcrop areas of sheeted dykes were only recently recognized in the Indian 
Head and Little Bay areas ofthe Springdale Peninsula, and in central and nol!hern 
Sunday Cove Island by Kean (1983, 1984, 1989), and Kean and Evans ( 11>X7a, h) 
Another large area underlain by sheeted dykes crops out along the northern and 
northeastern shore of Pilley's Island. 
The dykes are typically fine- to coarse-grained diabase. Aphanitic to line grained 
mafic dykes are present as well, although generally occurring higher in the pile and 
immediately below the overlying pillow lavas. The fine grained dykes arc on average 
thinner than the coarse grained diabase dykes that intrude them . The dykes contain 
altered plagioclase and clinopyroxene arranged in equigranular to intersertal texture 
Alteration minerals are dominantly chlorite and epidote, with various amounts of quart.1 
and calcite, both interstitial and in small veins. Minor sulphides (chalcopyrite. pyrite. 
+/- malachite) are associatt:d with some coarse grained diabase dykes 
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t.2J . 2_tit11~- -U~.Y.fi.asalt (Formation) 
The rank of formation and the name Little Bay Basalt is recommended here for an 
extensive, variously altered, intensely folded sequence of pillow lavas and lesser massive 
flows, which in places directly overlies the Indian Beach Complex. Locally minor 
amounts of mafic tuff and pillow breccia are interfingered with the pillow lavas. 
It is difficult to draw any stratigraphic divisions within this volcanic sequence 
because of the lack of marker horizons and locally intense deformation. Variolitic and 
vesicular flows interfinger with non-variolitic and non-vesicular flows, but do not form 
any extensive horizons. Pillow lavas of the Little Bay Basalt are closely packed, pillow 
cores are variable epidotized or locally silicified, whereas margins of pillows are 
strongly chloritized. In general there is relatively little interpillow material, but where 
present, it consists of milky white, yellowish green or grey chert, fine tuff and isolated 
hyaloclastite. 
Pillow lava of the Little Bay Basalt commonly contains strongly altered plagioclase 
(up to An34, albite to andesine; Fleming, 1970; Marten, 197la, b) and clinopyroxene, 
although alteration minerals (epidote, chlorite, a~.:tinolite, calcite, quartz, titanites) 
generally obliterate the original mineralogy. Amygdules are filled with epidote, chlorite, 
and quartz. 
J_ 2_1 J.M<!.[IC Subvolcanic Rocks 
Volcanic rocks of the Lushs Bight Group are intruded by numerous sills and 
sub-coucordant dykes of diabase and gabbro, varying in thickness from less than 25 em 
to several meters. Chilled margins are visible in places and diabase sills are not easily 
distinguished from coarser grained massive flows, to wh;ch they are petrographically 
and texturally similar (Fleming, 1970) These intrusive rocks are interpreted to be 
co-magmatic with the pillow lavas on the basis of comparable geochemistry (Jenner et 
at, 1988; Jenner et al, in prep; Kean et al., 1995), and the fact that they are affected by 
the same deformational events. 
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3.2.1.4 Age Constraints On The Lushs Bight Grol_m 
The Lushs Bight Group includes no fossiliferous strata and in general lacks rock types 
suitable for isotopic age determination. Only minimum ages can be established hy 
4IJ Ar/39 Ar dating of hornblende-bearing intrusions. 
A small circular stock of amphibole gabbro, that is correlated with the Brighton 
Complex (see 3.2.2 .9) by some workers, intrudes sheeted dykes on Pilley's Island and it 
is itself cut by dykes. Sample 88-PIG was collected from the gabbro for an age 
determination using the 4IJ Ar/39 Ar method. It records a complex spectrum (sec 
Appendix B for a brief description of the method and figures). with two rcwgnizablc 
plateau: one from approximately 8 to 54% yielding an age of 466 +/- 5 Ma ~ and the 
second plateau from 55 to 100%, yielding an age of 483 +/- 6 Ma The older age is 
considered to represent the minimum age of intrusion of the gabbro stock into the dyke 
complex, and the younger age a tectono-thermal event which resulted in resetting of the 
argon system (see also Chapter 7). 
Two homblende-phyric dykes (see a!so section 3 2 24) that intrude pillow lava of 
the Little Bay Basalt from the Whalesback mine area were also sampled for dating. 
Sample WB-1 was collected from a dyke cutting a chloritic shear zone that contains a 
volcanogenic massive sulphide deposit. It yielded a complex spectrum and a probable 
age of 484 +/- 4 Ma based on only 24% of the gas). The other sample, WB-2, was 
taken from a similar looking dyke cutting apparently undeformcd flows immediately 
south of the shear zone, and yielded an age of 493 t/- 5 Ma based on 46% of the gas 
It is reasonable to interpret this age (middle Tremadoc?; Coopers, 1992) as an upper 
age limit on the first deformational event recorded within the Lw:hs Bight Group. The 
depositional age of the group must be even older. 
3.2.2 WESTERN ARM GROUP 
One of the principal results of the present mapping in the Notre Dame Bay area was 
the recognition that rocks within the Catchers Pond Group as well as the "Cut well 
Group" type rocks on Pilley's Island, Triton Island and Halls Bay Head (Kean and Evans, 
1987; Kean, 1989) are lithostratigraphically correlative with the Western Arm Group 
rather than the Cutwell Group (compare Fig. 3.1a with Fig. 3.1b) As a result of this, 
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some modifications to existing lithostratigraphic nomenclature are proposed. On the 
basis of priority (North American Stratigraphic Code, 1983), the name Western Arm 
Group is retained, and its modified stratigraphy and nomenclature are applied to 
correlative rock units noted above. The rank in the name "Catchers Pond Group" is 
dropped and the geographic name "Catchers Pond" is used informally in conjunction 
with the word "section". Hence, the name "Catchers Pond section" of the Western Arm 
Group applies to the area underlain by rocks formerly included in the Catchers Pond 
Group, but herein assigned to the Western Arm Group. 
Observations from various sections of the Western Arm Group suggest that 
stratigraphy of the group has to be redefined. The redefined Western Arm Group is well 
exposed in several geological sections. Proposed changes to the group are detailed 
below as individual lithostratigraphic units are described. The type section of the original 
group is in the northern part of Springdale Peninsula, between the Western and Southern 
Arms of Green Bay (MacLean, 1947; Marten, 197la, b). The Catchers Pond section is 
found in the area between Indian Brook to the south, and Catchers Brook and Harry's 
Brook to the north (Fig. 3.3). The Ovals section, named after three ponds located east 
of the Springdale-Kings Point road, refers to the area between Catchers Brook and the 
bottom of Southwest Ann (Fig. 3 .3). The Halls Bay Head section ofthe Western Ann 
Group occupies the easternmost tip of Springdale Peninsula (MacLean, 1947) and the 
Pil!cy's-Triton section the northern part ofPilley's and Triton islands (Fig. 3.3). The 
Western Arm Group is also well exposed in several smaller areas, referred to as the 
Harry's Harbour (Peters, 1970; Marten, 1971 a, b), Nickey's Nose (Peters, 1970), Eastern 
Point (Sayced, 1970) and Fox Neck sections (Fig. 3.3). There are also possible Western 
Arm Group equivalents on Little Bay Island, Stag Islands, and Long Island. 
L2. 2 LS~g_ar Loaves Basalt (Formation) 
Rocks ofthe Basal Pillow Formation ofMacLean (1947), included by Marten 
( 1971 a, b) in the Lushs Bight Group, are petrographically more like the Big Hill Basalt 
rather than mafic flows elsewhere in the Lushs Bight Group (Marten, 1971a; Fleming, 
1970). In addition, these rocks show a pattern of high values in the magnetic vertical 
gradient (GSC maps C41333G and C41334G), which is very similar to the Big Hill 
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Basalt. Geochemical data indicate that the unit in question includes some tlnws that 
correlate better with rocks of theW estern Arm Group, than with rocks of the Lushs 
Bight Group (see Chapter 6) Therefore, this unit is herein includl·d in the Western 
Arm Group with the rank of formation. It is informally named the Sugar Loaws Basalt. 
after two prominent knolls located north of Clam Pond. 
The formation consists of a thick sequenc~ of aphanitic to fine grained, llu.:allv 
vesicular, well pillowed basalt and le~~er 11"' . · ~:sive flows . Ubiquitous red and grel·n ~her t 
forms the interpillow material Flows ,t.-e locally interbedded with knscs of dwrt, with 
or without laminae of magnetite, and with sparse horizons of pillow tlrl·ccia and tutr 
Dykes and sills of diabase and small stocks of diorite/gabbro intrude the lavas In the 
type section, the lower contact ofth~ formation with pillow lavas of the Lushs Bight 
Group has been interpreted to be gradational (e.g. MacLean. 19·17; !\1arh:n, 1'171a, 
Kean and Evans, 1987). However. the present mapping shows that l11salt in the arl·a of 
the inferred gradational contact is strongly epidotizcd and locally intensely shl'<tll'd, 
everywhere else the contact appears to be faulted . The character of the cont:-tcl with 
the overlying Skeleton Pond Formation is not clear either, being mainly unexposed and 
presumed to be faulted . 
In thin section, the basalt contains clinopyroxene and labradorite ( t\n(,·l. Marten. 
1971 a) arranged in subophitic to intergranular textures. The main alteration minerals 
are chlorite, epidote and albite, with chlorite defining a locally-developed cleavage 
Plagioclase is commonly zoned and displays albitizcd margins The prevalence of 
chlorite over epidote and the strong magnetic properties distinguish pillow lavas of this 
unit from pillow lavas in the adjacent Little Bay f.)rmation, in which widespread 
epidotization has produced a "bleached" appearance in the pillow cores 
The Sugar Loaves Basalt lacks rock types which can be dated directly, ano its age 
remains uncertain. 
3.2.2.2 Skeleton Pond Formation 
This unit was originally termed the Skeleton Pond TufT by Marten ( I fJ71 h) 
However, the formation is lithologically heterogeneous and includes a signilkant 
proportion of mafic flows; it is more appropriately named the Skeleton Pond 
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Formation The present mapping show the internal stratigraphic order of this formation 
to be less c;>rnplex than was previously thought. In the Western Arm section one can 
clearly discern three tuff members and two flow members (Marten, 1971 a, b). 
llowever this is not the case in other sections, where the tuff and flow facies commonly 
interfinger ;n various combinations, and the number ofpotential members, their 
thickness and lithostratigraphic positions vary considerably. Because of this 
intraformational complexity, the existing lithostratigraphic subdivision is not practical. 
Instead, the rocks arc described in terms oftwo lithofacies, these being the tuff and the 
flow members. 
The type section ofthe Skeleton Pond Formation is exposed cast and west of the 
Skeleton Ponds in the Western Arm section Other major exposures are found on 
north-central and eastern Pilley's Island, wc.':'tern Triton Island, and Halls Bay I lead. As 
well. a large are3 immediately north of the Catchers Brook Fault is underlain by tuff, 
tun· breccia and pillow breccia {DeGrace, 1971) and on the basis of lithological 
characteristics and geochemistry of overlying pillow lavas is assigned to the Skeleton 
Pond Formation (cf Kean and Evans ( J987a, b) who placed this area in the Lushs 
Bight Group) 
TufT Lithofacies. 
The tufT lithofacies consists of a number of distinctive beds which display 
contrasting lithological characteristics. The basal beds are predominantly 
n•assivc, fine- to coarse-grained, aquagcne tuff, which possesses a poorly 
defined compositional layering and local graded bedding. It commonly contains 
crystal-rich (up to 50%) layers, whereas lapilli size material is rare. Thin 
laminated pale grey- green chert beds alternate with (or change colour along 
strike to) red-green and red chert. Dark grey shale and locally magnetite-rich 
argillite bands are commonly interbedded with the tufT. 
The tufT contains broken dinopyroxenc and altered plagioclase crystal 
fragments as well as lithic fragments of basalt . The rock is commonly altered 
and exhibits patches of chlorite, interstitial albite, minor amounts of quartz and 
sphene Small amounts oftremolite/actinolite are present in some thin sections. 
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The relatively fine-grained tufT is interbedded \.vith and grades into lapilli tutT 
and tuff breccia ranging from crystal-lithic tuff to pyrodastic hrl·n:ias Tlli .. 'Sl' 
rocks are predominantly polymictic and the dominant clast size and lith<'J<,gy 
vary from outcrop to outcrop. The most common clasts in the polymi~ti~ 
breccias are mafic to intem1ediate volcanic rocks, pillows, mafic tufT and 
argillite. In places, the argillite clasts have smaller clasts of other rocks l\ pes 
attached to them, suggesting they were incorporated prior to lithitil'ation In 
general, clasts in the lapilli tufT and tufT breccia arc poorly snrll'd, and in plan·s 
show only crude, normal to reverse grading The matrix contains a large amount 
of plagioclase crystals, and mafic and silicic and/or silicified mafic vokanic 
fragments. 
Flow Lithofacies 
Massive, locally flow brecciated, to well pillowed mafic flows intl·rtingcr 
with the tuffs. These consists of dark grey to black basalt which is 
mesoscopically similar to the overlying Big llill Basalt. Thickness of the flow 
units ranges from a few to about one hundred meters. Pillows vary in size. 
locally attaining up to 3m in length. In particular, large pillows and lohes up to 
several meters long are expo:;cd on the eastern shore of Pilley's Island, in Caplin 
Cove on Triton Island and Big Triton Island. 
The upper contact of the Skeleton Pond formation with the overlying Big 
Hill Basalt is not exposed. There is no discernible interleaving of formations, 
and locally intense, bedding subparallel cleav:1ge is present in tufTs and cherts 
near the contact with the basalt. 
Age Constraints 
The brachiopod /Jiscotreta .\p. reported by MacLean (I 947) from within the 
shale of this unit is the only faunal indicator of its early Ordovician age The 
cherty sedimentary rock in the Skeleton Pond Formation commonly contains 
radiolaria-rich laminae. Several samples collected 0n Triton Island were 
examined by Dr.RJ. Stevens, who identified the radiolaria as possibly of Arenig 
age (pcrs comm., 1989). However samples processed in hydrofluoric acid 
yielded fauna which were too poorly preserved to allow exact recognition. 
3~2 2~3_Big !Jill J~as~IJ .!J~rmation} 
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The Big Ifill Basalt consists of a thick sequence of typically magnetic, aphanitic to 
fine grained, vesicular, well pillowed basalt (Fig. 3.5) and massive flows. Thin beds or 
lenses of red and green cherts are widespread, and red and green chert commonly 
occurs in the pillow interstices. Flows are locally interbedded with sparse hmizons of 
pillow breccia and tuff The Big llill Basalt is overlain by the Welsh Cove Formation. 
In thin section (Fig. 3 6 ), the basalt contains clinopyroxene and labradorite (An70; 
Marten, 197la) arranged in subophitic to porphyritic textures. and local plagioclase 
cuhcdra up to 5-6 mm in length and minor amounts of titanite. Secondary minerals 
include chlorite, epidote and albite; veinlets ofprehnite were reported by Marten 
( 1971a) 
3.2 2 4._1sQt()piL~ge (Q!1~ra_i.!.HL0n The Sugar Loaves And Big Hill Basalt. And 
S~_~:Jcton Pond Formation 
In addition to probable co-magmatic intrusive rocks, the Little Bay Basalt flows 
and formations of the Western Arm Group up to and including the Big Hill Basalt are 
intruded by younger post-kinematic dykes, that have been referred to as "lamprophyric" 
(e g. Espenshade, 1937; MacLean, 1947; Donahoe. 1968; Fleming, 1970). Thes~ are 
parti~:ularly common intrusives into the Lushs Bight Group in the area of the 
Whalcsback and Little Bay mines, where they form swarms that intrude the chloritic 
shear zones associated with the massive sulphide deposits. Many of these dykes 
contain large hornblcndes (Fig. 3. 7) and clinopyroxenes (Fig. 3 .8) as well as xenocrysts 
and/or clustered phenocrystic assemblages, which exceed SO% of the rock. Several 
dykes contain only large, up to 2 em in length, euhedral crystals of clinopyroxene, some 
of which display both oscillatory and sector zoning. Dykes with both hornblende and 
clinopyroxene arc rare, and only one such dyke was observed by author in the 
Whalcshack mine area. A composite "lamprophyric" dyke from the west coast of Halls 
Bay I lead (Donahoe, 1968), consisted of outer zone with hornblende and plagioclase 
phenocrysts, and an inner zone ~:ontaining subhedral phenocrysts of augite. The similar 
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orientation, lack of extensive deformation in all of these dykes (sec Chapter o ). and 
presence of both hornblende and pyroxene CI)'Stals in composite dykes. indi~<ttcs that 
both types of dykes are most likely related . 
Flows of the Big Hill Basalt on Halls Bay Head are intrudt.•d by "lamprophyric" 
dykes similar to those intruding the Lushs Bight Group. They contain crystals of 
hornblende which are commonly euhedral, oflen stubby and show a range of ~rystal 
forms and sizes (up to 1.5 em in length). Two hornblende fractions from one dyh 
(CI-16-02b) were dated by the 40 Ar/19 Ar method, yieldmg a complex spectra and total 
fusion ages of 500 +/- 5 Ma and 504 +/- 5 Ma (Appendix B) A plateau based upon 
72% of the gas in one fraction yields an age of 499 l\1a, while a plateau based on 5J~ o 
of the gas in the other fraction yields an age of 496 1\ta. These ages arc comparable 
within analytical error to the 493 +/- 5 Ma age of a hornblcndc-phyric dyke intruding 
pillow lava of the Little Bay Basalt in the Whalesback mine area 
3.2.2.5 Welsh Cove Formation 
The original name of this unit is changed here from the Welsh Cove TufT (Marten 
1971) to the Welsh Cove Formation, because the unit is lithologically much more 
heterogeneous than previously thought. The Welsh Cove formation overlies the Big 
Hill Basalt, but contact between the two is not exposed in the Western Arm sect ion 
The contact is exposed and faulted in the Catchers Pond section, and it seems to he 
unconformable in the Triton section. The whole stratotype is poorly pn~scrved and 
obscured by voluminous pyroxene- and nlagioclase-phyric diabase sills, which form at 
least 50% of the section. For this reason, a composite reference section is designated 
on Triton Island (because of the relatively well exposed contact with the Big llill 
Basalt), and in the Catchers Pond section (because of the lithological diversity) In the 
area northeast and northwest of Springdale, felsic volcanic and volcaniclastic rocks arc 
spatially associated with pillow lavas previously assigned to the Lushs Bight Group 
(James, 1967; Penney, 1969). These are similar to rocks in the main and suppkmcntary 
sections and are herein inc'uded in the Welsh Cove formation 
The formation is characterized by massive and brecciated to laminated, locally 
crystal-rich. felsic tuffs and banded welded tuff The monomictic felsic tuff-breccias arc 
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recognizable only by observation of weathered surfaces, which reveal the presence of 
an6ular fragments of up to 8 emir. diameter. Exposures of ignimbrite commonly reveal 
a convoluted tlow layering, and although the rock is commonly massive, it locally 
shows a curvilinear to columnar jointing. Most of these rock types are characterized by 
white to beige chalky weathered surfaces, and a wi.:le variety of a mottled pink, beige, 
grcy-gree;n to pdle green colours on fresh surfaces. Locally grey to pale green chert and 
grey argillites are interbedded with felsic rocks. 
In the Triton Island section, sparse felsic and mafic flows, toge~her with cherts and 
argillites, are present m addition to fine intermediate to felsic, locally ignimbritic tuffs. 
Wclllaminatd ~ed and green cherts and argillites overlie unconformably the tilted 
pillow lavas of the Hig Hill Basalt, and are interbedded with felsic tuffs. In the Catchers 
Pond section. the formation is represented by felsic ignimbrites and crystal tuffs, cherts, 
rare argillites, and sparse felsic lavas. Abundant mafic pillowed flows and tuffs 
interleave with the felsic rocks of this formation, and are locally strongly silicified 
and/or epidotized When unaltered, mafic volcanic rocks are of dark green- grey to 
blue-grey colour, and fine grained to porphyritic. Beds of polymictic tuff breccia are 
common, locally with lenses of monomictic breccia consisting of closely packed, altered 
blocks of felsic volcanic rock in a plagioclase-phyric, andesitic to dacitic matrix (Fig. 
3.9) Amongst the various lithic fragments in the matrix there are abundant perlitic 
glass spherules (Fig. 3.10). 
The felsic tuff breccia exposed on Halls Bay Head at Red Fishing Point, is herein 
corrciated with the Welsh Cove Formation. Clasts (bomb size) in this breccia are 
predominJntly of pink plagioclase-phyric felsic rock characterized by trachytic texture. 
This felsic-breccia grades into a polymictic breccia. containing both clasts of felsic rock 
and a pyroxene-phyric mafic rock similar to that common in the overlying Western 
I lead Fom1ation. 
In thin section, the felsic volcanic rocks consist of dense intergrowths of quartz 
and plagioclase (now albite), orthoclase, sericite, chlorite and some calcite. Where 
sht'ared, they form quartz-sericite schist, with pyrite and limonite present on foliation 
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planes. 1\fafic volcanic rocks are microporphyritic. with plagiodasc crystal ,,f ..... o ~mm 
set in a matrix of altered plagioclase, chlorite, calcite and iron oxidl's 
3 2 2 ~ 1 West Water Ljrnestone Bed And Sjlyq Pond Iytr 
The Catchers Pond section contains two occurrences of rock typcs whi~:h 
are not found elsewhere in the Western Arm Group: (I) the \\'cst Water 
Limestone- a fossiliferous limestone; and (2) the Sil'lcr Pond Tutr- a fdsic tutr 
Both rock types form distinctiYe beds, occupy a stratigraphic position in the 
upper pan of the section, and provide good control on the minimum agl~ ot 
deposition of the formation Despite contrasting environments of dcpositi,m. 
geological mapping indicates that they represent a similar stratigraphic level in 
the formation 
):Y.est Water Ljmestonc Bed 
This is a single, discontinuous bed (up to 40 m thick) of ((lssilili..·rous 
limestone, which is in places recrystallized and partially dolomitizcd This hcd is 
exposed in several outcrops east of the passage between West Water and Silver 
ponds. It can be traced eastwards for a distance of approximately 2 Skm 
The limestone bed unconformably overlies the nearby section of mafic nows 
and reworked tuff breccias, which away from the contact contains felsic 
ignimbrites and flows typical of the Welsh Cove Formation. The basal pan of 
the limestone bed is massive; whereas, the upper part of the bed is well 
laminated and contains some lenses of reworked felsic tufT, and lesser amounts 
of chen and argillite. In outcrop ncar the northeastern end ofWcst Water a few 
!enses of dolomitized intra- formational conglomerate arc present. 
Silver Pond Iuff<Bedl 
A bed of predominantly quartz-fcldspar-phyric felsic tuff occurs ncar or at 
the stratigraphic top of the Welsh Cove formation throughout the Catchers 
Pond section. The bed is locally associated with quartz-feldspar or feldspar 
porphyry intrusions. Both tufT and porphyries contain 40 to 80% crystals up to 
0 .5 em long in a very fined grained green to brown matrix . Rare lithic cla'its arc 
observed in the tuffs in the western pan of the section. In places, the tuff-; and 
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subvolcanic porphyry look mesoscopically and microscopically similar, as both 
consist of crystals of alkali feldspar and quartz, plagioclase, minor chlorite and 
opaque minerals and accessory zircon in a fine grained siliceous matrix. Quartz 
is somewhat subordinate to feldspar; both are strained to severely shattered in 
the tuff but mostly intact in the porphyry. Quartz in the porphyry is commonly 
em bayed (Fig. 3.1 I). Locally the tuff is characteristically banded, with 
interleaved rhyolite and dacite (Fig. 3. 12). 
Age Constraints Faynal 
Several samples collected at random along the West Water Limestone Bed 
yielded conodont fauna which indicated an Arenig age (Fahreus, pers. comm., 
1987) Additional samples were subsequently taken from the base, the center 
and the top ofthe bed in one locality (CP-21-21). The extracted conodonts 
were very small in size, well preserved and with a high Colour Alteration Index 
(CAl) of6.5 to 7. The good preservation ofthe conodonts and their high CAl 
suggest that the alteration of the limestone bed mainly result from heating to at 
least 490° C (e.g. Rejabian et al., 1987). The conodont assemblage indicates 
that the age of the bed ranges from the early Arenig Prioniodus elcgans Zone 
ncar the base of the bed to the middle Arenig Oepikodus evae Zone near the top 
of the bed (O'Brien and Szybinski, 1989). 
Age Constraints· Isotopic 
A sample of banded porphyritic tuff was collected from locality CP-28-15 
(Fig. 3 .12) for a U-Pb zircon age determination in order to test the validity of 
the above interpretation. Three ~·ircon fractions were abraded and analysed. 
There was no evidence of inheritance in any of the analysed fractions. The data 
yielded an age of 479.2 +/- 3.6 Ma (Appendix B), early to middle Arenig 
according to the Cooper's ( 1992) scale, and are interpreted to represent the 
primary igneous age. An identical U-Pb zircon age of 480 +4/-3 was recently 
obtained from felsic tuff in the northwestern part of the Catchers Pond section 
(Ritccy, 1993) 
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3.2.2.6 Western Head Formation 
The original name ofthe formation, the Western Head Agglomerate, introduced 
by Manen ( 1971 b), is changed here to the name Western Head Formation, to avoid 
using the term "agglomerate" (considered obsolete in Bates and Jackson, 1980) The 
Western Head Formation is the uppermost unit of the Western Arm Group and is well 
represented in the type section. Extensive outcrops of rocks assigned to this unit arc 
also present in the Halls Bay Head and Pilley's- Triton sections. On Little Hay Island 
rocks similar to rocks of the Western Head Formation directly underlie the Cutwdl 
Group. 
The Western Head Formation is predominantly made up of a mafic tufT/tuff 
breccia assemblage (Fig. 3.13). A lens ofpillow lava from within the type s~ction was 
reponed by Man en ( 1971 b). On Little Bay Island, pillowed and massive flows grade 
upwards into autobrccciated flows and ultimately into tuff-breccias very similar to those 
in the type section. In general, the tufT/tuff breccia assemblage is relatively uniform, 
poorly graded and sorted, and predominantly clast supported. The rock consist of 
mafic clasts of various sizes (on average up to 20 em, but commonly in excess of0.3 m 
in diameter) set in a tuffaceous matrix. The clasts are generally subangular to rounded. 
grey-green, in places strongly porphyritic basalt, akin to that forming the flows and 
breccias on Little Bay Island. Rare diorite and gabbro clasts were also reponed from 
this unit by Marten (197lb). 
Clinopyroxene and plagioclase phenocrysts are present in various proportions, 
resulting in predominantly pyroxene- or plagioclasc-phyric rock types. Euhcdral 
clinopyroxene crystals are up to 3-4 mm in length (locally over 1.5 em), but 
plagioclases do not exceed 2mm. Two types of clinopyroxene is recognized 
microscopically~ clasts in the tuffbreccia in the Halls Bay Head section contain diopsidc 
(Donahoe, 1968 ), whereas flows and clasts in tufT on Little Bay Island contain augite 
(O'Brien, 1975). In both locations basalts contain abundant, large size vesicles, 
indicating an originally high volatile content. 
In the area west of Doll and Arm Head, the tufT breccia is locally overlain by a 
banded tuff characterized by a fine gramed, apparently felsic, grey matrix with abundant 
, ' ' . .. ' ' . . .. , , ' 
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hornblende phenocrysts. In the Western Arm and Nickey'~ Nose sections, this rock 
forms the uppermost stratigraphic unit; whereas, in the area northeast of Harry's 
Harbour, it is interleaved with tuffbreccia of the Western Head Formation, clasts of 
which contain considerable amounts of pyroxene. 
Age Constraints 
Samples of hornblende-phyric tuff from two separate localities (Western 
Arm and Nickey's Nose sections) yielded hornblende, which was dated by 
40Ar/19Ar (Appendix B). Sample WA-44, tuff from the type section of the 
Western Arm Group, displays a complex spectrum with two dominant plateaus, 
one yields an age of 465 +/- 1 Ma based upon 40% of gas, and the other 442 
+/- 2 Ma based upon 24% of gas. Sample WA-NNl (Nickey's Nose section) 
records a similarly complex spectrum (see Appendix B), with several plateaus, 
among which the one yielding the oldest age 462 +/- 3 Ma is based upon 21% 
of gas, and two indicating the youngest ages of 436 +/- 2.5 Ma and 443 +/- 1.8, 
are based on 24% and 36% of gas, respectively. 
12. 2. 7 Doll and OuC!rtZ Diorite 
A small pluton of predominantly quartz diorite is associated spatially with the 
Western Head Formation and exposed at Dolland Arm Head. Marten (197la,b) 
interpreted it to intrude the tuff and emphasized the similarity of diorite and gabbro 
clasts present locally in the Western Head Formation to the rock types forming the 
pluton, suggesting that both of these units may be co-magmatic. However, both 
Marten ( 1971 a, b) and this author were unable to confirm crosscutting relationships 
between the pluton and the tuff. The southern, and the only on-land, contact between 
the diorite and the tutTis faulted and there are no dykes clearly related to the pluton that 
intrude the tuff. The intrusive relationship between these units is herein considered to 
be questionable. 
Typically, the diorite consists of plagioclase, quartz, hornblende and rare biotite. 
In the northeastern part of Dolland Arm Head it grades in places into flow-banded 
dacitic rock, as well as gabbro. Throughout the pluton, diorite exhibits flow-folded 
igneous layering, accentuated by an interleaving of mesocratic, hornblende- rich diorite 
' ·- ;-" 
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and more leucocratic diorite. Locally, intrusion breccia is exposed containing fragments 
of diorite, diabase and pyroxenite, immersed in a matrix of leucocratic diorite. 
Age OfThe Dg!!and Quartz [~ 
A sample of quartz diorite from Dolland Arm Head contains hornblende. 
which was used to determine a 40Ar/39Ar age (Appendix B) Sample WA-45 
shows a relatively simple spectrum with a major plateau that yields an age of 
477 +/- 4.3 based on 51% of gas, and one smaller plateau indicating an age 482 
+I- 2.3 based on 17% of gas. 
3.2.2.8 The Colchester-Coopers Cove Pluton 
The Colchester-Coopers Cove Pluton is an elliptical. compositionally zoned 
pluton that intrudes volcanic rocks of the Lushs Bight Group (Sayecd, 1970; Kcan ct 
at., 1995) and volcaniclastic rocks of the Western Arm Group. Within the pluton. 
Sayeed ( 1970) recognized three broad compositional zones, which from margin to 
center are diorite, quartz diorite and granodiorite. Although detailed study of the 
pluton was beyond the scope of this project, cursory mapping revealed that it is in a 
form of a sill or lens rather than an irregular equidimensional intrusion. The lower 
contact of the intrusion is strongly sheared, and the whole body incorporated into 
several horses (thrust sheets) that form a map scale duplex. The granodiorite, in the 
central part of the exposure, exhibits well developed foliation defined by aligned biotite 
or chlorite and hornblende. The biotite crystals are bent or broken. The crystals of 
plagioclase and microcline are not aligned, although microclinc (perthitic va;iety) show 
evidence for some internal plastic deformation. Quartz is frequently broken inlo 
subgrains and displays serrated grain boundaries typical for recrystallized quartz; 
undulatory extinction is common. 
Age Of The Cggpers Cgye Plytgn 
The Coopers Cove Pluton was dated using the U-Pb zircon method and 
yielded an age of 465 +/- 2.5 Ma (Appendix B). This is interpreted to represent 
the primary igneous age. Three abraded zircon fractions and a duplicate zircon 
fraction were analysed. There was some evidence of inheritance in this sample, 
but care was taken not to include any of this materials in the analysed fractions 
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~ 2 2~~LBr.igh.!9n.Jntrusive Complex 
Named after the community of Brighton, the Brighton Intrusive Complex is 
exposed on the Brighton Tickle Islands (several minor islands north of Triton Island) 
and the northwestern tip of Triton Island. It is spatially associated with the Big Hill 
Basalt. Magnetic data (EMR. GSC, map 2EI12, 1988) suggest that it is anE-W 
elongated body broken into several, fault bounded blocks. The exposed part ofthe 
complex appears to be the core of the intrusion. The only exposed contact with the Big 
Ifill Basalt observed on the northwestern tip of Triton Island is strongly sheared and 
iacks evidence for a crosscutting relationship or contact metamorphism (cf Hussey, 
1974). 
A small stock of gabbro that intrudes sheeted dykes on Pilley's Island was 
interpreted by previous workers (Dean, 1978; Kean, 1984) to be part of the Brighton 
Intrusive Complex and its contact relationships were used to demonstrate the intrusive 
character of the Brighton Intrusive Complex into the Lushs Bight Group. However, no 
similar phase is present within the main body of the complex on Brighton and nearby 
islands, and it cannot be demonstrated that the intrusions are, in fact, related. 
Hussey ( 1974) recognized a number of distinct rock types within the Brighton 
Intrusive Complex and their identification was confirmed during this study. The 
daminant exposed lithologies are magnetite-hornblende pyroxenite (Fig. 3.14) and 
"comb-layered" (Lofgren and Donaldson, 1975) homblendite. Locally, the pyruxenites 
exhibit a strong to vague "layering" defined by concentrations of bluish magnetite or 
zones of hornblende. Pegmatitic patches, larger pods and more extensive bodie-s of 
dark green to black hornblendite (+/-minor plagioclase and magnetite) are common 
throughout the complex and display gradational contacts with the pyroxenite. This 
implies that both rock types formed within a short period time and possibly represent 
the same phase in the dev'!lopment of the complex. However, dykes of similar 
hornblendite and/or hornblende-plagioclase pegmatite of an apparently younger phase 
cut both pyroxenites and hornblendite. Strongly altered (serpentinized and 
carbonitized) blocks of ultramafic composition are found throughout the complex. 
' . 
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The youngest intrusive phase cutting the complex appears to be a pale pink 
diorite (monzodiorite), which forms dykes and plugs of various thickness and 
orientation. This phase consists predominantly of zoned plagioclase, pyroxene (variably 
altered to actinolite), little or no quartz, and accessory apatite and zircon. A 
characteristic feature of these dioritic bodies is an abundance of pyroxene fragments. 
many of which exhibit a rim of dark green amphibole. 
Age Of The Brighton Intrusjye Complex 
Samples of hornblendite from two separate localities and a sample of the 
youngest phase dioritic dyke were collected :n order to determine the time span 
of intrusion represented by the Brighton Intrusive Complex Three hornhlende 
fractions from two separate localities from within the Brightun Intrusive 
Complex were used to determine 4/JAr/39 Ar ages and these are presented in 
Appendix B. Sample RAL-88-1 yielded an age of 475+/- 3 Ma based on 86% 
of the gas; sample RAL-88-2 yielded an age of 472 +/- 3 Ma based on 87% of 
the gas; and the third hornblende sample, the RAL-88-3, from a separate 
locality, yielded an age of 475 +/- 3 Ma based on 95% of the gas. 
Five zircon fractions (4 abraded, 1 unabraded) from the dioritic dyke cutting 
hornblende pyroxenite in the southwestern part of Cobbler Island yielded a 
U-Pb age of 478.5 +/- 4.5 Ma (see Appendix B). 
3.2.3 CUTWELL GROUP 
The stratigraphic order interpreted from the present mapping of the Cutwell Group on 
Long and Little Bay islands differs from that formalized by earlier workers ( Kcan, 197!; 
Kean and Strong, 1975; O'Brien, 1975; Dean, 1977, 1978)(Fig. 3. 15). The 
previously-developed stratigraphy does not adequately account for complexity resulting 
from structural repetition of lithological units and rapid changes in facies. This study 
found that the Pigeon Head and the Quinton Cove Formations (Kean, 1973) form one 
continuous sequence that is intruded by a distinct suite of sills and dykes not found 
elsewhere in the Cutwell Group. Furthermore, close examination of the Long Tickle 
Formation suggests that it is the lithological equivalent of the Burnt Head Formation and 
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occupies a similar stratigraphic position. A revised lithostratigraphic division of the 
Cutwcll Group, based on these new observations is presented below. 
3.2.3 I Pigeon Head Formation 
The Pigeon Jlead Formation as defined by Kean (1973) consisted predominantly 
of tuff lithofacies rocks. Here, it is revised to include the tuff breccia ofthe Quinton 
Cove Formation. The most compelling reason for this revision is that both units are 
intruded by sills and dykes characterized by geochemical signature that differs from that 
in the other rocks of the Culwell Group (see Chapters 4 and 5), and implies a different 
paleotectonic setting. The presence of this intrusive suite within the rocks of the 
Pigeon Head Formation differentiates this formation from apparently similar rocks in 
the lower part of Long Tickle Formation. 
The revised Pigeon Head Formation is the lowermost unit ofthe Cutwell Group 
and is predominantly exposed on Long Island. In general, it is southwest dipping and 
facing unit, which is particularly well exposed on Pigeon Head, and in the Quinton 
Co·1e and Burnt Head areas. The upper contact with the Long Tickle Formation was 
predominantly faulted where observed during this mapping; however, Kean ( 1973) 
considered it to be conformable. 
The tuff lithofacies contain a black, in places strongly silicified, cherty shale, 
interbedded with pale grey silty to sandy textured tuffaceous rocks. Above this are fine 
grained reworked tuffs with some horizons of siliceous shale and grey tuffaceous 
sandstones. The tuff lithofacies display a variety of sedimentary features, including 
rip-ups and load casts. Small, diagenetic limey/siliceous lenses and nodules are 
common in the shale and siltstone and are commonly associated with euhedral crystals 
of pyrite. 
In thin section, the tuffaceous shale contains rare altered crystals of plagioclase 
and fragments of altered volcanic rocks. Tuffs predominantly contain variably altered 
(saussuritized) crystals and crystal fragments of plagioclase, and lesser clinopyroxene. 
Secondary chlorite, calcite, quartz and euhedral pyrite crystals are present in the shale 
and the tuff. 
The lapilli tuff- tuffbreccia lithofacies conformably overlies the tuff lithofacies 
and consists of a wide spectrum of clasts immersed in a fine grained tutTa~eous matrix . 
Clasts are predominantly plagioclase-phyric, fine grained, mafic volcanic rocks, which 
are commonly epidotized. Some clasts are characterized by chilled margins and most 
likely represent bombs. Large rip-up fragments of the underlying tuff lithof:cies. up to 
approximately 1m in length, occur at the base of the unit, and several larger rip-ups (up 
to -2.5 x 3.5m) were reported by Kean (1973) from the Seal Island Tickle area. 
The matrix of the lapilli tuff- tuffbreccia is tuffaceous, generally altered. aphanitic 
to fine-grained, and characterized by presence of plagioclase crystals and detritus. 
minor clinopyroxene, and the typical alteration mineral assemblage - chlorite and 
epidote. 
lptrusiye Member 
A distinctive suite of black aphanitic diabase and fine- to medium-grained 
gabbro sills and dykes cuts the Pigeon Head Formation, but are not seen to cut 
other units. The gabbro is most common in the Pigeon llead area; whereas, 
diabase sills and dykes are confined to the Indian Head and Burnt I lead areas 
Some of the diabase dykes are plagioclase-phyric and one of the dykes cutting 
the tuff breccia in Quinton Cove contains up to 20% of plagioclase crystals >2 
em in length. In thin sections the dykes show intergranular to intcrsertal 
texture. Both diabase and gabbro contain plagioclase (andesine - -An 40; 
Kean, 1973), augite and magnetite (Fig. 3.16). The main alteration minerals are 
chlorite (defines a locally-developed cleavage in augite), quartz and calcite. 
Some sills and dykes included in this member contrast geochcmically from other 
co-magmatic intrusive rocks ofthe Cutwell Group (see Chapters 4 and S). 
3.2.3.2 Long Tickle Formation 
The Long Tickle Formation (Kean, 1973) is revised here to encompass rocks 
previously included in the Burnt Head Formation, and is considered to be 
stratigraphically higher than the Pigeon Head Formation. The Burnt I lead Formation 
was originally divided into two members: a lower Pyroclastic member and an upper 
Pillow Andesite member (Kean, 1973). It was found during this mapping that the same 
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divi~ion can be equally well applied to the Long Tickle Formation of Kean ( 1973 ). 
llowcvcr, these members interleave in numerous combinations, and their thickness' and 
order vary significantly across Long Island. In view of this intraformational complexity, 
the Long T~<.:kle Formation is separated into three lithofacies: the Tuff lithofacies; the 
LapJ!Ii tuff- tuff breccia lithofacies; and the Flow lithofacies. The original name "Pillow 
Andesite member" of Kean ( 1973) is changed here to the Flow lithofacies, because 
massive flows arc as common as pillowed flows, particularly in the lower and western 
part of the unit Furthermore, while many flows are indeed andesitic, many of them are 
ba~altiL 
I.u.II.Lillll.'fa ~ 
The Tuff lithofacies is made up of locally exposed horizons of a reworked 
tuff, chert and che11y shale, and together with the Tuff Breccia lithofacies are 
found throughout the formation. In some outcrops the upper contact with the 
Tutr Breccia lithofacies is an erosional one, resulting in scouring and channelling 
of the underlying rocks. The reworked tuff is predominantly grey to 
green-grey, variably grained and sandy textured. The Tufflithofacies are similar 
to rocks of the Pigeon Head Formation, and are well bedded and display a 
number of sedimentary structures, that include well developed "flame 
structures" (Fig. 3. 1 7) and rip-ups. 
On Southcm I lead, the Tuff lithofac-ies interfinger with a felsic pyroclastic 
flow linked to the overlying felsic dome of the Seal Cove Complex. The 
pyroclastic flow formed channels within the underl)"mg sediments and contains 
common rip-up fragments of shale and chert (Fig. 3 .18). In this same outcrop 
area, the well bedded rocks of th~ Tuff lithofacies are also overlain by 
autobrccciatcd massive to pillowed flows of the Long Tickle Formation. 
In the area between Milkboy Cove and Aspen Cove, there are several 
outcrops of tuffaceous, in places bioclastic, limestone interbedded with red 
argillite and mafic tufT. Similarly, on the west coast of Little Bay Island and its 
oiEhorc rock, known as Limestone Island, the limestone lenses and limestone 
breccia immediately underlying the Seal Cove Complex arc ass~.)~iatcJ "ith b~o.-ds 
of red siliceous argillite. 
Lapj!!j Tyff- Tuff Breccja_Ljthofacjcs 
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The Lapilli Tuff- Tuff Breccia lithofacies arc made up of cxtmsiw horizons 
of a primary to reworked, predominantly clast supported, lapilli tutr and t~tr 
breccia assemblage. The unit is well exposed in many outcrops along the shorl..'s 
of Wild Bight and Long Island Tickle, and forms a significant part of the inland 
.;..Xposure on Long and Little Bay Islands It intc1 fingl..'rs with the Tutr 
lithofacies and the massive and pillowed flows of the Flow lithofacies, and it is 
locally very similar to the tuff breccia assemblage of the Pigeon I kad 
Formation. On Long Island, the thickness of the unit appears to decrease in an 
easterly direction, although there is an approximately I OOm thick sccti(JI\ of 
reworked tuff breccia within the exposed part of the formation at Southern 
Head (easternmost Long Island). 
This unit contains a graded, but poorly sorted, lithologically heterogeneous 
assemblage of predominantly angular to subangular clasts rarely exceeding 0 3m 
and immersed in a tuffaceous matrix (Fig. 3. 19). The size of volcanic clasts is 
relatively uniform throughout the unit, but increases rapidly in proximity to 
Southern Head, reaching, in some cases, over 1m in diameter. Most of the 
clasts are of mafic flows, fragments or locally whole pillows, as well as sparse 
rails of mafic tuff. Three types of mafic volcanic clasts arc found within the 
breccia. One is predominantly plagioclase-phyric, the second is plagiodasc-
pyroxene-phyric, and the third is aphanitic to fine grained; all have counterparts 
in the Flow lithofacies. Some of the clasts exhibit well developed chilled 
margins and clearly represent bombs. In places, there is a significant percentage 
offelsic volcanic clasts, particularly in the Aspen Cove and Milkboy Cove areas, 
on the southern shore of Long Island. 
Flow Lithofacies 
The base of the Flow lithofacies is often marked by fine grained to aphanitic 
mafic massive flows, which overlie the Tuff and Lapilli Tuff - Tuff Breccia 
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lithofacies along the shores of Wild Bight (Fig. 3 20). The mlssive flows are 
also common on the southwest shore of Long Island, although the lower 
contact is not exposed Flow brecciation is locally strong, in particular beneath 
the felsic dome in the Doolan Folly area, yet broken fragments are closely 
packed and the matrix is hematitized. Massive flows are up to 3 tC' 5m thick, 
aphanitic, vesicular and, in general, grade vertically into pillowed flows or are 
overlain by one of the pyroclastic members. Some of the massive flows contain 
large vesicles and amygdules, which are filled with silic:a and caldte in the 
eastern part of Long Island, and with large crystals of epidote and hydrogamet 
in the western part of the island. Locally (e.g. Gull Cliff area), massive mafic 
flows interfinger with felsic flows of the Seal Cove Complex. 
The pillowed flows are well exposed and very extensive in the eastern part 
of the island, in particular southeast of Croucher Cove (Fig. 3.21 ). They are 
predominantly plagioclase-phyric, and only a few pyroxene-phyric or aphanitic 
piilowcd flows are present. Vesicles are present in most of the pillows, 
principally confined to the outer zone. However, in a few isolated 
pyroxcnc-phyric flows vesicles form several distinctive concentric rings. 
Interstices between pillows are normally filled with white to greer.ish chert and 
locally with jasper. 
Microscopically, the massive flows contain plagioclase microlites in a partly 
crystalline, but mostly opaque matrix. Although flows appear to be relatively 
fresh in outcrop, in thin section they display extensive chloritization and 
cpidotization, and secondary Fe-oxides. The pillowed lavas consist of 
plagioclase phenocrysts set in a matrix of plagioclase microlites and an 
assemblage of secondary chlorite, epidote, opaque minerals and calcite (Fig. 
3 22). Plagioclase rarely exhibits zoning and is moderately to strongly 
saussuritizcd. The pillowed flows rare)~, contain a variable amount of relatively 
unaltered clinopyroxene phenocrysts, predominant "Y'ith respect to the 
plagioclase, and set in fine grained. much altered matrix of clinopyroxene, 
plagioclase, secondary chlorite, epidote, calcite and iron oxides. 
Age Constrajnts 
An assemblage of graptolites was collected by Dr.ll. Williams. in ronjundion 
with the author, from the highest hori.wn (siliceous shale) in the Tutr lithnl~h:ics 
on Southern Head . The fauna is indicative of the late Arenig I. \'. maw11us 
Zone (Williams, S.H, 1989, 1992), and corresponds to approximately rn l\1a 
on the Cooper's ( 1992) time scale. 
A conodont fauna from blocks in a hmestone debris llo"' on Limestone 
Island is believed to represent the boundary of the Alicro:tll'm<ima jlabdlum 
pan-a Zone/ Eoplac:oKIIathus? variahilis Zone (late Arenig, Tud.cr c1 al, 
1990) (O'Brien and Szybinski, 1988, 1989). The uppermost hl)ri.wn of the 
Tuff - Tuff Breccia assemblage included in the formation underlies 
conformably(?) limestone breccia of the Parsons Point Formation ncar the 
bottom of Cutwell Ann. A collection of limestone clasts from the Tulr - Tulr 
Breccia unit contains a conodont fauna characteristic of numerous wncs, the 
youngest of which is from the upper part of the E suec:ic:us Zone ( O'Hrien and 
Szybinski, 1988, 1989), and indicates the early Llanvirn age (Tucker et al . 
1990). 
The conodonts extracted from limestone blocks on Limestone Island were 
relatively well preserved and with very high CAl of 8 (Fig. 3 23 ). The good 
preservation of the conodonts and their high CAl implies that the alteration of 
the limestone breccia is mostly due to an increase in temperature to at lca~t 
600°C (Epstain et :11., 1977, Rejabian et al., 1987). Much lower CAl values of 4 
to 4.5 were displayed by the conodonts from limestone breccia on Long Island, 
which suggests that they have been heated to only 300 'C. 
3.2.3.3 Parson's Point Formation 
The Parson's Point Formation contains interbedded welded mafic tuff, grcywadc, 
shale, limestone and limestone breccia. An extensive layer of andesite and dacite -
siliceous siltstone peperite is also present (Fig. 3.24), and is well exposed along the 
Lushes Bight-Beaumont road and on the western shore of Little Bay Island As a result 
of the relatively low competency of these rocks, it has been locally intensely deformed, 
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which resulted in complex intraformational stacking of shale beds, and repetitions by 
thrust- related folding. It is difficult to determine the extent of the formation, since it is 
preserved in a form of a large lens, interfingering with both the underlying Long Tickle 
Formation and the ovcrlymg Seal Cove Complex. The lower contact is interpreted to 
be transitional, sin~e mafic tuffs and lapilli tuff- tuff breccias ofthe underlying Long 
Tickle Formation loc~lly contain sparse to widespread clasts of limestone. The Parson's 
Point Formation interfingers with and is comformably overlain by felsic pyroclastic 
rocks of the Seal Cove Complex, that are well exposed north and east of Lushes Bight. 
The grcywackc contains predominantly plagioclase, lesser volcanic rock 
fragments, some r.1agnetite, minor quartz and limestone. Limestone-rich laminae in the 
grcywacke are interbedded with more siliceous laminae which stand out because of 
di!Tcrential weathering. Limcy fossiliferous and cherty black shale and lenses of minor 
limestone debris flows are interbedded with the greywacke. Interbedded throughout 
the formation is an assemblage of welded/non-welded mafic tutT(Fig. 3.25). It is 
characterized by distinctive pale green (epidotized) very thin (up to 6cm) beds of 
welded plagioclase-phyric tuff with flattened, wispy pumice (Fig. 3.25), interbedded 
with similarly thin beds of plagioclase-phyric non-welded mafic tuff with angular 
pumice fragments. 
In the Lushes Bight area the unit contains several limestone debris flows with an 
average clast size from 5 to 30 em in diameter, but with several larger blocks. The 
brc~cia is clast supported, with a muddy carbonate or plagioclase- rich tuffaceous 
matrix. A sequence of limestone debris flows separated by horizons of bedded clastic 
limestone is exposed in and south of two quarries on the southern side ofthe road 
between Lushes Bight and Beaumont. The limestone debris flows cut through 
underlying shale, greywacke and mafic to felsic tuffs, and appear to be preserved in a 
small palco-canyon or gully The essentially monomictic limestone breccia is underlain 
by a more polymictic type, which contains some clasts of felsic and mafic volcanic 
rocks. siltstone, and limestone in a plagioclase- phyric tuffaceous matrix. The amount 
of limestone clasts decreases towards the east. Further east of the quarries only a 
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slightly disrupted interbedded siltstone/mafic tufl' scqu~n~.:c is present. The western 
contact of the limestone debris flow with the uncJerlying rocks is sharp. 
Age Qetermjnatjons 
A broad microfauna of inarticulate brachiopods is found in association with 
the conodonts in blocks of the limestone breccia. The breccia also contains a 
rich fauna of sponges, cephalopods (goniatites), crinoid ossiclcs and p(lssihlc 
algae (F.C.Il O'Brien, pers. comm.). Conodont fauna from limestone dasts 
and graptolite fauna from the shale have been collected from several localities 
within the Cutwell Group. The conodont fauna from various limestone dchns 
flows reveals a significant diversity in age (O'Brien and Szybinski llJN8, 1989) 
On Long Island, the main body of the fauna from the lower horizon of the 
iimestone breccia is from the top of the L? variahi/is Zone and from the lower 
part of the E. suecicus Zone (Fig. 3. 26 ). uppermost Arenig to early Llanvirn on 
the Tucker et al. ( 1990) time scale. The upper horizon of the limestone bre~.:cia 
yields a younger fauna, representing the upper part of the E. su.:L·h.·11s Zor.e and 
the P. semts Zone, a time span from the early/middle Llanvirn to the late 
Llanvirn, and possibly to the base of the Llandeilo according to Tucker ct at 
(1990). 
The graptolites assemblage obtained from the Parson's Point Formation 
shale in the quarry east of Lushes Bight indicates a "late Arenig age at earliest", 
but most likely an early Llanvirn age for the shale (Williams, S II , 1989, 19<JO) 
A rich, cosmopolitan graptolite fauna was found and interpreted to be of 
open-ocean type (Williams, S.H, 1989, 1992) and to be different from that of 
the Southern Head area. The remains of the same assemblage of fauna was 
found in three different localities in the Lushes Bight area (southern shore of 
Lushes Bight, and south of it in two localities along the loose surface road) and 
in two localities on the west coast of the island (Flint Islands area) . 
3 .2.3.4 Seal Cove Complex 
The major outcrop of the Seal Cove Complex forms a triangle-shaped area 
defined by Lushes Bight, Flint Islands and the southwestern end of Cut wei! Arm 
Another large area underlain by felsic volcanic rocks included in this unit is present in 
the eastern part ofthe Long Island between Southern Head and Windsor Lookout. 
Several smaller exposures of the complex are found on Oil Islands, on the west shore of 
Long I stand south of Lushes Bight and in the south-central part of the Long Island. 
Felsic volcanic rocks forming the complex vary from rare flows to 
plagioclase-phyric tuffs and common tuff breccias. Only locally the tuffs exhibit some 
poor bedding or compositional banding, and it is difficult in places to distinguish 
between the tuffs and co-magmatic intrusive phases ofthe complex, especially in the 
northern part of the main outcrop, where all phases are covered by F e-oxide staining. 
Felsic rocks are usually light green to buff in colour, but where sulphide mineralization 
is prcs•:nt (c g Doolan Folly area, Oil Island), they display a yellow to rusty stain. 
·rhe Doolan Folly area in the easternmost part of Long Island is underlain by 
columnar jointed, flow banded felsic rock , overlying mafic pillow lavas, tuff breccia 
and hematitic tufr Flows and monomictic felsic tuff breccia are present immediately 
overlying the mafic rocks or hematitic mafic tuff(Fig. 3.27). Locally, the flow banding 
is folded and has the appearance of "soft sediment" deformation, i.e . folds are highly 
non-cylindrical and lack cleavage of any kind. The felsic rock is predominantly massive, 
yet in places flow brecciation is present. A smaller fragment of this felsic body is 
exposed on Southern Head, where it overlies a breccia made up of felsic clasts and 
rip-up fragments of argillite and shale. The felsic body on Southern Head is very similar 
to the main body offelsic rock, and was interpreted to form a feeder to the larger body, 
interpreted as a partly emergent cryptodome (Muggridge, 1989). Several smaller dykes 
associated with that dome mtrude the underlying sedimentary rocks of the Long Tickle 
Formation (Fig. 3.28). A large, map-sca1.e block offelsic tuff and intrusive phases of 
the Complex is also found on the southern shore of Long Island, east cfMilkboy Cove. 
The extrusive rocks are commonly silicified, sericitized and locally carbonitized, 
and it is not possible to determine the original mineral assemblage (Kean, 1973; 
Muggridge, 1989). 
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3.2.3 .5 Rocks Intrusive Into The Cutwdl Group 
The Cut well Group is intruded by a variety of dykes, sills. plugs and sm.1ll plutons 
which range from diabase and gabbro to quartz-feldspar porphyry and granite Soml' 
types of intrusive rocks (such as the Intrusive member of the Pigeon Head Formation) 
are a3sociated with particular units. Majority of rocks intrusive into the Cut well Group 
are co-magmatic, however some larger granodioritic bodies and dykes arc 
post-kinematic with respect to main deformational events (sec Chapter b) 
Co-Ma\>roatjc lntrusjye Rocks 
Various types of mafic dyke cut the Long Tickle Formation, and tl'Xtural:y 
resemble the pillowed and massive flows of the Cut well Group. Several of tht· 
dykes can be traced into and are clearly conduits feeding the flows Some of 
the dykes are plagioclase- or pyroxene-phyric; however most arc aphanitic- to 
fine- grained, similar to massive flows of the Long Tickle Formation 
Microscopically, the porphyritic dykes contain altered plagioclase (epidote. 
albite, calcite and sericite), lesser chloritized augite, and accessory magnl.'lite 
The aphanitic on<'s are mainly cryptocrystaline. 
Several small stocks of gabbro and diabase dykes may predate or he cm~val 
with the mafic dykes. On Indian Island in the Wild Bight area, there is a small 
gabbro pluton and several plugs intruding silicified pillow lava. Both these rock 
types are cut by an extensive suite of diabase dykes which form locally up to 
40% of the outcrop. 
Syn- To Post-Kinematjc lntrusjye Rocks 
A large suite of felsic, aphanitic to porphyritic dykes, sills and minor stods 
intrude deformed rocks of the Cutwell Group. These rocks arc common in 
central and northern parts of Long and Little Bay Islands, particularly in rocks 
of the Seal Cove Complex and around the elongate area of granite outcrop 
north of the major exposure of the Seal Cove Complex, between North China 
Head and Billy Tool Cove. 
The porphyries are mostly plagioclase-phyric, often plagioclase - quartz -
phyric with a pale grey-green aphanitic matrix. They may contain variable 
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amounts of biotite and rare hornblende. In thin sections they exhibit 
incquigranular porphyritic texture, with perfectly euhedral and zoned altered 
plagioclase crystals, and slightly rounded and resorbed quanz phenocrysts. 
Biotite is commonly altered to chlorite, as is accessory hornblende. 
Assocatcd with the porphyry dykes are small bodies of granodiorite. These 
intrusions arc mineralogically similar to the porphyry dykes and are not cut by 
the aphanitic dykes ( cf Kean, 1973 ). The largest post-kinematic intrusive body 
is found in the very southwestern part of Long Island and is named the Long 
Island Pluton . It contains xenoliths of strongly altered (hornblende, actinolite, 
chlorite) mafic rock which consists of hornblende (replacing pj'iG;;~~c), !.:::~!:e!" 
plagiuclasc and magnetite. 
3.3 Stag Island Formation- Removal From The Cutwell Group 
This formation was originally defined and included in the Cutwell Group by Kean 
( 1973 ). It is exposed on the Stag Islands (north of Long Island), on Seal Island (nonheast 
of Long Island) and on League Rock, an islet cast of Long Island. Several offshore rocks, 
formed of pillow basalt, between Stag Islands and Long Island were also included by Kean 
( 1973) in this formation. A few exposures of rocks correlated with various parts of the 
formation were found during this study on the southeastern shore of the Little Bay Island 
and Copper Island (an islet south of Little Bay Island). Contacts between the Stag Island 
Formation and other Cut well Group rocks are offshore and not exposed, except on Little 
Bay Island, where they are in fault contact. Kean ( 1973) recognized an internal division to 
the Stag Island Forn1ation, consisting of the Breccia, two Basalt and Intrusive members. 
While the description and internal division of Kean (I 973) are valid, new evidence 
ohtaincd during this study suggest that the Stag Formation cannot be considered part of the 
\utwcll Group. Details are given below. 
3. JJ .. lrfAGJ.SL-AND FORMATION 
liL1J3re..:cia Member 
The Breccia Member cunsists of a poorly bedded and poorly-sorted breccia -
conglomerate sequence. Lesser, but locally extensive, tongues of green to rusty black, 
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flow brecciated, pillowed basalt interfingers with and grades into the brl'(~o:ia Fra~.:turcd 
single pillows also occur within the breccia. The majority of the clasts in thl· t'trc(da arc 
of intrusive affinity, predominantly gabbro, diabase, and lesser amounts of 
hornblende-plagioclase pegmatite and trondhj-;:mite. Small quantities of lkvitrilicll 
glassy pillow margins, sparse limestone, shale and blocks of massive sulphides arc also 
present. In general, clasts are angular to subangular on Stag Islands; however, on 
League Rock the breccia is interbedded with horizons of pebbly congloml'ratc and 
sandstone characterized by well rounded gtains. The size of the clasts varies limn 
close to I. S m to sand, yet much larger blocks of gabbro were reported hy Kcan ( 197 .l) 
from the northern part of Stag Islands. Overall, the unit fines upward and the top is 
marked by a horizon of coarse arkosic sandstone and strongly sheared shale The 
sandstone contains a abundant broken plagioclase crystals in addition to lithic liagnk·nts 
similar to those found in the breccia. The sandstone and the shale arc conformahly 
overlain by and locally structurally intermingled with the Lower Basalt Member 
3.3.1.2 Lower Basalt Member 
The Lower Basalt Member consists of pale grey-green, strongly fractured and 
brecciated, consisten•ly glassy to aphanitic pillows and local horizons of pillow breccia 
Locally there are some porphyritic plagioclase-phyric glassy flows. The pillows of this 
member look unlike any other pillows observed in the study area. There is a significant 
range of pillow sizes within the pillows; pillows buds I 0-1 5 em in diameter occur next 
to those 10-1.5 m in length. Interstices arc commonly filled with fine grained calcite 
and locally with hyaloclastite. Microscopically, the porphyritic pillows contain 
plagioclase, pyroxene and minor olivine crystals in a devitrificd matrix The alteration 
mineral assemblage includes chlorite, epidote, albite and calcite. 
A bed of shale, lenses of limestone and minor mafic tuff arc interbedded with the 
pillows on Seal Island. The shale and intervening limestone are the locus of locally 
intense deformation and form zones of tectonic melange (sec Chapter 6 for details) 
Several samples from the limestone lenses wert! processed for microfauna, but no fossils 
were found. Rare fine grained mafic dykes cut the Lower Basalt Member. 
- - ---- - .....__.. J. • _... -- -
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l~J ! 3 Upp~! B!iSJcllLM~mber 
The Upper Basalt Member is expos,:d on several offshore rocks between Stag 
Islands and Long Island It is represented by closely packed, fine grained, dark green 
pillow lavas, which are fractured and autobrecciated and display "bread crust" texture. 
Interstices between the pillows are typically filled with jasper, and in places with fine 
plagiodase-phyric tuff. In thin sections volcanic rocks consist of plagioclase+/-
clinopyro:.ene microphenocrysts in a fine grained matrix of similar composition. 
Although, in general, less altered than basalts of the Upper Member, these basalts 
display an asscmbiage of chlorite, epidote, and calcite. 
3.3 .1 4 Intrusive Member 
Irregular sills and dykes of diabase and gabbro intrude the Breccia Member (Fig. 
3.29). These represent a multiphase intrusive event with at least two generations of 
gabbroic intrusions and an intervening diabase phase. Diabase dykes and plugs are 
texturally and chemically similar to brecciated pillow lava flows found within the 
Breccia Member, and most likely represent feeder dykes. 
JJ.J. ,_?_1_\g~ 
The shale horizon within the Breccia member was searched unsuccessfully for 
remnants of graptolites. A sample of hornblende gabbro (CL-LR-0 1 a) intruding the 
contact between the breccia and pillow lava of the Breccia Member on League Rock 
(Fig. 3 29) was collected for a 4iJ Ar/19 Ar age determination. It yielded a well defined 
plateau corresponding to an age of 506 +I- 5 Ma (representing 97% of all the gas; 
Appendix B). This places a minimum age of late Cambrian/early Ordovician (van 
Eysinga, 1983) or early Tremadoc (Cooper, 1992) on the Breccia Member. 
J~L~~El\10V AL OF THE FORMATION FROM THE CUlWELL GROVP 
The lithology of the Stag Island Formation differs considerably from that of other 
units in the Cut well Group. It is lithologically more comparable to rock units of the 
Lushs Bight and the Western Arra Groups. The mafic clasts found within the Breccia 
Member appear to be similar to lithologies in the Lushs Bight Group sheeted dykes and 
sills. Trondhjemite clasts are particularly common in the breccia on League Rock, but 
trondhjemite is not present elsewhere within the study area. However, a large exposure 
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of trondhjemite, with a similar age, is found on South Twillingate Island This lu~ality 
is north of the Lobster Cove- Chanceport Fault and within the Notre Dame Sub-zone 
(Williams ct al., 1988). Pillow lavas ofthe Upper Member are very similar in their 
texture, colour and ubiquitous red jasper in the interstices - to lavas of the Western Arm 
Group. Geochemical data further corroborate correlation of parts of this formation with 
the Western Arm Group (Upper Member), but also indicate a possible correlation with 
the Lushs Bight Group (Breccia Member and Intrusive Suitc)(scc Chapter b) 
In conclusion, the age of at least the Breccia Member and gco~hcmical data on a 
variety of mafic rocks support removal of this fonnation from the Cut well Group, and it 
is considered here as an independent unit. 
3.4 Post-Ordovician Overlap Sequences 
The Lower Ordovician pillow lavas and pyroclastic rocks are overlain unconformahly 
by volcanic and sedimentary rocks of the Lower Silurian Springdale Group (e.g . MacLean. 
1947; Kalliokoski, 1953; Neal and Nash, 1963; McGonigal. 1970; Coyle and Strong, 1986a, 
b), and by a small sliver of red beds in the Kings Point area. Bncf dcscript ions of both units 
are presented below. 
3 .4 .1 SPRINGDALE GROUP 
The Springdale Group has been mapped in detail by Coyle and Strong ( 1986a,b) and 
Coyle ( 1990). These authors presented a comprehensive description of lithological units 
in the group, which is made up of(up proposed stratigraphic order): I) welded 
lithic-crystal tuff; 2) mesobreccias and red san-istones; 3) andesitic to dacitic flows; 4) 
crystal-lithic and lapilli ash-flow tuffs; 5) basaltic flows; 6) silicic ash-flow tuffs, 7) 
dacitic to rhyolitic ash-flow tuff, breccias, and domes; 8) rhyolitic-vitric ash-flow tuffs 
and breccias; 9) clastic sedimentary rocks- red beds; and 10) crystal-lithic tufT. This 
volcanic-sedimentary assemblage was interpreted to be indicative of a large 
epicontinental collapse caldera (Coyle and Strong, 1986; Coyle, 1990) The U-Pb zircon 
ages presented by various workers indicated that the group evolved from 432.4 +I 7/-1 4 
Ma to 425 +/-3 Ma (Chandler et al., 1987; Whalen et at., 1987; Coyle, 1990). 
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During this study, mapping was extended into the northern part of the Springdale 
Group in order to cla1ify the contact relationships along the Lobster Cove Fault and to 
determine the amount and order of post-Ordovician deformational events. In the course 
of the mapping it was established that stratigraphy of the Springdale Group is in reality 
mu(;h simpicr than that proposed by Coyle and Strong ( 1986a,b) and Coyle ( 1990). 
These workers did not recognize that rocks of the group were deformed by two major 
deformational events, of opposing polarity, which were responsible for repetition of 
lithostratigraphic units. It seems that there are three mQjor lithostratigraphic units within 
the group, namely: a mafic basaltic-andesitic unit; a felsic unit; and red beds. The red 
beds arc the youngest one and all may not be part of the Springdale Group (see Chapter 
6) Much ofthe complex stratigraphic scheme worked out for the Springdale Group 
(Coyle and Strong, 1986 a,b; Coyle, 1990) was based on presumed vertical variations; 
whereas, it appears that lateral variations in lithology, complicated by deformation are 
the primary cause of the variation. 
J4_J J ~~ _ _Beds 
Volcanic and volcaniclasti.: rocks of Silurian age in the Springdale area, thought 
to be erupted in a large epicontinetal-type caldera (Coyle and Strong, 1987; Coyle, 
1990), are overlain by red beds. Wessel (1975), who studied the red bed sequence in 
the Springdale area in detail, interpreted the sandstone and conglomerate to have been 
deposited in a large regional downwarp; whereas, Coyle ( 1990) considered red beds to 
represent "caldera fill" . Although a complete undisturbed section is nowhere exposed, 
red beds in the central part of the Springdale Group reach a thickness in excess of 
several hundred meters, and thin rapidiy towards the edges of the group. Red beds in 
the thickest exposure;; consist of (not necessarily in stratigraphic order): coarse 
polymi~:tic conglomerates, locally with boulders up to 0.8-1 min diameter; 
conglomerates and sandstones with layers of mud-chip intraformational breccia; and 
sandy siltstones, in places with caliche. This association, locally repeated within the 
section, is observed in most outcrops, although the basal conglomerate is not always 
present and in places, sandstone immediately overlies volcanic rocks of the Springdale 
Group. 
_l - .l4 
There is a significant variation in clast size, roundness of clasts and lithnll'£Y 
between outcrops within the basal conglomerate. A rather atypi~al. clast-supported 
talus breccia is present on Triton Island whi~h consists of angular fragments of rcJ 
argillite and jasper, variously altered basalts, and clasts of diabase in a sparse tine to 
coarse sandy matrix. However, in many locations, the conglomcratl'S arc matrix 
supported, containing well rounded cobbles and boulders of rhyoliu:, andesite, basalt, 
argillitic chert and locally abundant granodiorite to granite Most clasts <He ro..:k typl'S 
typically found in the Springdale Group. However, some of them (in particular rl·d 
chert, diabase and gabbro) appear to be derived from the Roberts Arm m/and l.ushs 
Bight/Western Arm groups. 
3.4.2 RED BEDS IN KINGS POINT(= SOUTllWEST AR~1jj)!{~1ATION '') 
At the bottom of Southwest Ann, an approximately 1.2 km thick sequence of clastic 
sedimentary rocks is exposed in a northeast plunging syncline. The rocks consist of red 
arkosic conglomerate and sandstone, that grade into green-grey and red siltstone. the 
latter ofwhich contains several beds of dirty white to palt.. gray limestone. !•rcsencc of 
the limestone (silty micrite), combined with lack of sedimentary structures in the 
conglomerate-siltstone assemblage, was taken by Wessel (I 975) as an cvidcm:e li.>r 
deposition of these rocks in shallow-marine conditions. 
The age of this unit and its correlation with the Springdale Group has hccn a matter of 
considerable controversy. It was originally inciuded in the Springdale Group by 
MacLean ( 1947), whose correlation was later tentatively accepted by Neale and Nash 
( 1963) on the basis of a paleomagnetic study carried out by R .F. Black in 1961 Wessel 
(1975), who studied the red beds ofthe Springdale Group and in King's Point in detail, 
accepted the correlation as well, although he provided evidcn\:e that the two units 
formed in different environments (i.e. fluvial vs. marine, ;espcctivcly). Thus, it is very 
likely these two have very little in common. Marten ( 1971 b) reassigned the Kings Point 
beds to the Carboniferous. This interpretation was accepted by Kcan et al (I 981 ). This 
author favours the younger age for this sequence of clastic rocks, because unlike red 
beds overlying volcan!c rocks of the Springdale Group, the red beds in the King's Point 
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area display strong similarity to poorly consolidated red beds of the Carboniferous age in 
the I lumber Zone, and show evidence of only one major deformation. 
The limestone is sparsely iossiliferous (contains strongly recrystallized brachiopods) 
and Wessel ( 1975) reported the presence of ostracodes, although these were not 
identified Samples from five limestone beds were collected by this author and processed 
for microh~ssils by F Cll O'Brien, but none were found. 
3.5 Summary 
The prcs<::nt mapping resulted in several major and minor changes to the previously 
cstablishcd stratigraphy of the western Notre Dame Bay area. One of the main Olltcomes of 
this study is the recognition that pillow lavas, tufT/tuff breccias and cherty sedimentary rocks 
on Pilley':> Island, Triton Island and Halls Bay Head, previously thcught to be related to the 
Cut well Group (Kean and Evans, 1987; Kean, 1989), are correlative with the Western Arm 
Group. Rocks of the Catchers Pond Group, which includes both mafic and felsic flows and 
tufTs. and rocks in the area immediately northwest of Springdale, have also been assigned to 
the Western Arm Group. The redefined \Vestern Arm Group is thus exposed in several 
geological sections wt>ich include: 
- the type section in the northern part of Springdale Peninsula as defined by MacLean 
(1947) and Marten (1971a, b); 
- the Catchers Pond section located north oflndian B.-ook; 
- the O"·als section in the ?~~a between Catchers Br~ok and the bottom of Southwest 
Arm; 
- the II ails Bay I lead in the easternmost tip of Springdale Peninsula; and 
-the Pilley's-Triton section in the northern part of Pilley's and Triton islands. 
RllCks of the Wcst~rn Arm Group are in addition exposed in several smaller outcrop 
areas. which are named here the Harry's Harbour, Nickey's Nose, Eastern Point and Fox 
Nl·ck sections. Possible Western Arm Group equivalents are exposed on Stag Islands, 
Long bland and Little Bay Island. 
\\'ithin the \\'estern Arm Group, the rocks of the Basal Pillow Formation of MacLean 
( l94 7) arc reinstated as the Sugar Loaves Basalt . This unit had been stripped from the 
_, - 4 I 
Western Arm Group and included in the Lushs Bight Group by ~1art~n (1971a, b) Filn\s 
of the Sugar Loaves Basalt are petrographically very similar to lavas of the Wl.'stl.'rn Ann 
Group (in particular to those of the Big Hill Basalt), and show high values of the magnetic 
vertical gradient the same as the Big Hill Basalt. The restored unit also displays 
geochemical similarities to rocks of the Western Arm Group (sec Chapter 6) 
Another result of this mapping is the identification (together with Kean and Jenner) or 
a suite of --500 Ma old dykes that cut the Little Bay Basalt flows and formations of the 
Western Arm Group up to and including the Big Hill Basalt. These dykl.'s, rd"l·1red to in the 
past as "lamprophyric", are locally characterized by large hornblende and clinopyroxene 
phenocrysts and/or phenocrystic clusters, which exceed 50% of the rock The dykes arc 
particularly common ncar or intruding the 0 1 shear zones within the Lushs Bight Group 
pillowed flows. 
The stratigraphic order interpreted from the present mapping of the Cut well (jroup on 
Long and Little Bay islands also differs from that formalized by earlier workers ( Kcan, 
1973; Kean and Strong, 1975). In this study the Pigeon Head Formation (shale. chen. 
siltstone and sandstone and tuff breccia) include the Quinton Cove Formation (tulli'tutT 
breccia), as both formations were found to fonn one continuous sequence that is intruded 
by a distinct suite of sills and dykes not found elsewhere in the Cut well Group The 
geology of the Long Tickle Formation (mainly massive and lesser pillowed flows, tulli'tutr 
breccia) suggests that it is the lithological equivalent of the Burnt I lead Formation (mainly 
pillowed and lesser massive flows, tuff/tutTbreccia, shale and chert) and occupies a similar 
stratigraphic position. llcre, rocks ofthe latter unit arc included in the Long Tic kle 
Formation . 
During this mapping, the Stag Formation (breccia containing blocks of diabase, 
gabbro and trondhjemite; pillow lava; dykes and minor diabase and gabbro intrusions ) was 
recognized in two more areas away from the type section. One area of outcrop is on the 
southeastern shore of the Little Bay Island and Copper Island (an islet south of Little Bay 
Island), the other is on League Rock, an islet cast of Long Island . llornblcndc gabbro 
intruding the contact between the breccia and pillow Java of the formation on League Kock 
was dated using the 4£) Ar/'9 Ar method and yielded an age of -506 Ma (early Tremadoc of 
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Coop~r. I 992) Based on lithology and age, the Stag Island Formation is more comparable 
to ro~.:k units of the Lushs Bight and the Western Arm groups, rather than with the Cutwell 
Group Additional support for this correlation is also available from the geochemical data 
(Chapter 4 ). Thus, the Stag Formation is removed from the Cut well Group, and it is 
u>n~idercd here as an independent unit. 
In conclusion, the presence of the -500 Ma old dykes cutting only part of the 
stratigraphic succession , isotopic dating of zircons and hornblendes in tuffs and intrusive 
rocks. as well as faunal age constraints resulted in redefinition of the stratigraphy in 
western Notre Dame Bay, and, in particular, recognition of two main sequences of rocks. 
The first of these sequences is older than 500 Ma, and consists of the Lushs Bight Group, 
Stag Formation, and the Sugar Loaves Basalt, Skeleton Pond Formation and Big Hill Basalt 
(i c . the lower and middle part of the Western Arm Group). The second sequence spans 
the time interval from - 485 to -465 Ma, and consists of the Welsh Cove and Westem Head 
Formations (i e. the upper part of the Western Arm Group) and the Cutwell Group 
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Figure 3.5. Large pillows and lobes of the Big Hill Basalt on the western shore 
of Big Triton Island. L. Mandville for scale. 
3-47 
Figure 3.6. Thin section of a typical basalt from the Big Hill Basalt. It 
is characterized by the intersertal and subophitic texture which consists 
of plagioclase crystals partly enclosed by and partly penetrating 
beyond clinopyroxenes. Minute opaque magnetite is also present; 
magnification (X) 12.2, cross polarized light (XPL). 
Figure 3.7. Thin section of a ''lamprophyric" dyke from the Whalesback Mine 
area. The rock is characterized by porphyritic texture with relatively large 
euhedral hornblende phenocrysts (black, white, pale yellow, greenish grey 
colours) in a fine-grained matrix; X 6.8, XPL. 
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Figure 3.8. Thin section of a pyroxene-phyric dyke from the Whalesback Mine 
area. A few generations of clinopyroxene (large subhedral phenocrysts, euhedral 
microphenocrysts and minute groundmass crystals) are present in sheared and 
altered (chlorite, sericite) matrix. Note oscillatory twinning (e.g. bottom of 
the photo) and marginal zoning (centre and at the right of the field of view) in 
clinopyroxenes; X 3.8, XPL. 
Figure 3.9. Monomictic tuff-breccia from the Welsh Cove Formation consisting 
of angular rhyolite clasts in a matrix of predominantly plagioclase crystals, 
lesser quartz crystals, and lithic fragments. 
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Figure 3.10. Thin section of matrix to polymictic lapilli tuff/tuff-breccia 
from the Welsh Cove Formation, Catchers Pond section. Among lithic detritus 
present in the groundmass, there is a significant number of devitrified glass 
fragments characterized by spherical fractures- perlitic cracks; X 9.9, XPL 
Figure 3.11. A porphyry containing phenocrysts of alkali-rich feldspar, lesser 
plagioclase and quartz in a fine grained groundmass. Some opaque iron oxide 
crystals are also present; Welsh Cove Formation, Catchers Pond section; X 8.4, 
XPL. 
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Figure 3.12. An outcrop of banded porphyritic tuff (locality CP-28-15) with 
interbedded rhyolite (light coloured bands) and dacite (darker bands). Three 
zircon fractions from this tuffyieled an age of 479.2 +/- 3.6 Ma, early to 
middle Arenig according to the Cooper (1992) scale, interpreted to represent the 
primary igneous age. 
Figure 3.13. An outcrop of a mafic tuff and tuff breccia of the Western Head 
Formation on the eastern shore of Pilley's Island. This photo shows coarse 
volcanic breccia grading into lapilli tuff, and eventually tuff. The field of 
view is about 5m. 
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Figure 3.14. Granular-textured hornblende pyroxenite from the Brighton 
Intrusive Complex. The opaque mineral is magnetite. The large crystal of 
clinopyroxene in the upper right of the photo and another crystal in the 
upper left show irregular extinction, indicating that the clinopyroxenes are 
strained; X 6.2; XPL. 
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Figure 3.16. Subophitic and intersertal texture in a diabase dyke cutting tuff 
breccia of the Pigeon Head Formation, Long Island. This diabase consists of 
plagioclase crystals embedded in or partially enclosed by clinopyroxene in a 
subophitic manner. Some opaque magnetite crystals are scattered throughout the 
rock. Note close textural and mineralogical similarity of this diabase to the 
Hill Basalt X 12.2, XPL. 
-------
Figure 3.17. Interbedded volcaniclastic sandstone and well laminated 
volcaniclastic mudstone of the Long Tickle Formation tuff lithofacies, the 
Southern Head area. Stratification of the mudstone is mainly planar, but "flame 
structures" occur locally. 
Figure 3.18. (Right) Volcaniclastic 
sediments of the Long Tickle 
Formation channelled by the felsic 
pyroclastic flow of the Seal Cove 
Complex, which has ripped-up 
fragments of shale and chert, 
Southern Head, Long Island. The 
scale is about 15cm long. 
Figure 3.19. (Below) The tuff 
breccia of the Long Tickle 
Formation, southern shore of Long 
Island. It is characterized by angular 
to subangular clasts of mafic 
volcanic rocks surrounded by the 
lapilli tuff matrix. Note mafic flow 
dipping gently to the right (above 
the hammer); hammer 35cm for 
scale. 
3- 55 
3-56 
Figure 3.20. Lobate massive mafic flow overlying the tuff lithofacies of the 
Long Tickle Formation, Bread and Cheese Cliff, Wild Bight, northeastern shore of 
Long Island; hammer 35cm long for scale. 
Figure 3.21. Pillowed flows of the Long Tickle Formation interfingered with 
bedded tuff, west of Southern Head, Long Island. The field of view is about 25m. 
Figure 3.22. Typical porphyritic andesite of the Long Tickle Formation. The 
phenocrysts and microphenocrysts are plagioclase in a microcrystalline ground-
mass consisting of plagioclase microlites, secondary chlorite and epidote; 
X 11.0, XPL. 
Figure 3.23. The conodant fauna Periodon aculeatus Hadding from 
Limestone Island, off the Little Bay Island western shore. Conodonts are 
believed to represent the boundary of theMicrozarcodina flabellum parva 
Zone/ Eoplacognathus? variabilis Zone (late Arenig; Tucker et al., 1990). 
Colour Alteration Index (CAl) of 8. (photo courtesy ofF.H.C. O'Brien). 
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Figure 3.24. Andesite-cherty siltstone peperite from the western shore of 
Little Bay Island. The photo shows a zone of intricate mixing between 
feldspar - phyric andesite and siltstone, with patches and wispy blobs of 
andesite within siltstone. 
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Figure 3.25. Thin section of welded crystal tuff from the Parson's Point 
Formation, characterized by eutaxitic texture and plagioclase crystals embedded 
in flattened pumice fragments and a fine ash matrix. The upper part of the photo 
captures a transition zone to nonwelded tuff, whereas a pumice fragment which is 
only partially flattened is present in the upper right comer; X 7.6, XPL. 
Figure 3.26. Conodonts Cordylodus? honidus Barnes and Poplawski, from 
limestone breccia (quarries south of the Lushes Bight-Beaumont road), Long 
Island. The fauna is from the lower part of the E. suecicus Zone (uppermost 
Arenig to early Llanvirn; Tucker et al., 1990). The conodonts display a 
relatively low CAl of 4. (photo courtesy ofF.H.C. O'Brien). 
Figure 3.27. Felsic Flow of the Seal Cove Complex overlying hematitic tuff in 
the Doolan Folly area, eastern Long Island. The white scale is about 15cm long. 
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Figure 3.28. (Top) A minor felsic 
dyke of the Seal Cove Complex 
intrudes cherty tuffaceous sediment 
of the Long Tickle Formation on 
Southern Head, Long Island. The 
white scale is about 15cm long. 
Figure 3.29. (Right) Gabbro sill 
(centre of the photo) intruding 
contact between pillow lavas (right) 
and breccia (left) of the Stag 
Formation on League Rock. For 
scale, S. Swinden contemplating the Pr::.J. ... -.~:11:1: 
field relationship. Hornblende from 
this gabbro dated by the ""A.r-/ 3~ 
method yielded an age of 
506 + 1- 5 Ma (early Tremadoc; 
Cooper, 1992). 
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CIIAI'TER 4: GEOCIIE~11STRY AND PALEOTECTONIC AFFINITIES 
4.1 Introduction 
This chapter presents the results of a detailed geochemicll sampling of volcanic and 
subvolcanic rocks within the western Notre Dame Bay area. Previous studies (Kean, 1973; 
Kean and Strong, 1975; Strong, 1977; Jenner et al, 1988; Swinden et al ., 1989) used field 
and, most importantly, geochemical evidence to suggest that rocks in the Notre Dame Bay 
area had formed in both arc and non-arc tectonic settings. However, the meaning of this 
mixture of tectonic environments, as indicated by geochemical signatures, is unclear: does 
it reflect poorly designed tectonomagmatic discrimination diagrams, alteration, analytical 
uncertainty, or is it of primary petrogenetic and tectonic significance? The primary aim of 
this chapter is to present and evaluate the geochemical data, ascertain their reliability and 
petrogenetic significance, and use them to subdivide the samples (data) into types that can 
be interpreted in terms of their stratigraphic and paleotectonic significance. 
Considerable caution must be exercised in interpretation ofpaleotectonic environments 
from geochemical data alone. However, geochemical data in combination with lithological 
and stratigraphic information can provide reliable interpretations. During the course of this 
study, it became clear that the geochemical types recogmzed using geochemical data 
correspond only in a general way with the lithostratigraphic framework presented in the 
previous chapter. Therefore, in this chapter subdivisions ofvolcanic, volcaniclastic and 
sulwokanic rocks reflect only their geochemical characteristics. Names of geographically 
distinc! sections and lithostratigraphic units are locally referred to, indicating from which 
units the samples were collected. Chemostratigraphy and its relationship to the established 
lithostratigraphy, and comparison with modem analogs, are examined in Chapter 5. 
The terms N-MORB, E-MORB and OIB, with or without the prefix "typical", are used 
;;;.,tcnsivcly in this chapter and refer, respectively, to trace element geochemical signatures 
of normal and enriched mid-ocean ridge and ocean island basalts from Sun and McDonough 
( 1989) Similarly. references are made to the geochemical signature of average continental 
crust (UCC) of Taylor and McLennan ( 1985) and average amphibolite facies gneiss (AFG) 
of Weaver and Tarney ( 1981) \'alues for these important g.eo~h~..·rnical rdt.·r~..·nce 
compositions are listed in Appendix D 
For a legend spelling out these and other abbreviations (text. tahb and tigur~..·s) usl·d 
in this and the next chapters sec Figur.: 4.1 Anal)tical methods arc dcscrihcd in :\pp~o.·ndix 
C, and complete major and trace element analyses for samples used in this studv arc listl·d in 
Appendix D. To clarify the systematics used in classifying and subdividing the V11kani~ 
rocks in this study a summary flow chart is given in Figure 4 2, and the symbols us~..·d to 
define the groups throughout the chapter are given in Figure 4 .3 
4.2 Alteration And Element Mobility 
Prior to presenting the geochemical results, it is important to consider the et1c~..:~s of 
secondary processes on the absolute and relative concentrations of clements in the analy.t.ed 
rocks. There is a substantial amount ofliterature dealing with the efTe~:ts of the mobility of 
elements in volcanic rocks during hydrothermal alteration, carbonatization and 
metamorphism (e.g. Thompson, 1973; Stauffer et al., 1975; Coish, 1977; I kllman et al. 
1979; Hynes, 1980; Murphy and Hynes, 1986; Sturchio et al., 1986; Bienvenu el al, 1090, 
Bau, 1991; Marsh, 1991; Price et al. , 1991) When dealing with ancient volcanic rocks, it is 
important to consider that these rocks may have been altered more than once in a variety of 
different environments -- reflecting the range of geological and tectonic events to whit:h 
they may have been subjected . 
In pillow lavas and massive volcanic flows, seafloor alteration can occur by weathering 
and/or by interaction with hydrothermal fluids; both tend to occur primarily along pillow 
margins and in fractures . Substantial dispersion of major clements in ancient volcani~.: rocks 
resulting from these processes has been documented by many authors (e g . Stauffer et al, 
19'?5; Coish, 1977; De Wit et aL, 1987). Element abundances may differ by as much as 
50% between pillow cores and rims (e.g. Thompson, 1973; Ludden and Thompson, JCJ7<J, 
Bienvenu et aL , I ?90). It has also been shown that element mobility effects can be 
particularly drastic in sheared and intensely hydrothermally altered rocks. During the course 
ofthese studies it was likewise found that several key trace or minor clements (e.g K, Kb, 
Ba, Sr), which are widely used in characterization of volcanic rocks erupted in present day 
settings, arc easily mobilized This is particularly true in mafic volcanic rocks that have 
undergone greenschist facies alteration and metamorphism 
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Several studies have shown that some trace elements (Ti, P, Zr, Hf, 1\'b, Ta, Cr, Ni, V, 
Y) appear to be immobile during normal seafloor alteration and these elements have been 
used to establish tectonic and petrogenetic discrimination diagrams (e.g . Wood et al, 1979; 
Pearce and Norry, 1979; Shervais, 1982) In addition to these elements, the rare earth 
clements (REE) arc commonly used in classification of both contemporary and ancient 
rods, under the presumption that they remain immobile during metamorphism. In contrast 
to this widely held opinion, the mobility of some of these trace and rare earth elements 
during seawater alteration has been documented in altered basaltic glasses and crystalline 
basalts For example, in a study of altered MORB glasses (Bienvenu et al.. 1990) the 
immobility of Nb. Ta, Zr, Hf, Ti, and Ce was confirmed, but it was shown that some REE 
and Y can be depleted and Th enriched. Examination of seawater alteration effects on 
MORB by Verma ( 1992) showed that: the REE (notably light-REE) are mobile and 
incret~se in crystalline basalt'> (but decrease during palagonitization of glasses); Th remains 
almost constant in crystalline samples: and contrary to the finding~ of Bienvenu et al. 
(I <)C)O), Th actually decreases considerably in palagonitized MORB glasses. A recent study 
by Bau ( 1991) concluded that the low REE content in alteration fluids suggests that 
hydrothermal or metamorphic alteration of the REE patterns should not be significant, 
unless the water/rock ratio is>> 10:-103 It is important to note that dehydration 
experiments carried out at 12 kbar and 850"C by Tatsumi et al ( 1986) also demonstrated 
almost absolute immobility ofNb 
Addition ofMg, prominent dispersion of some ofthe trace elements (Ti, P, Zr, 1\.'b 
and Y) and addition of REE was shown to take place in rocks which experienced 
glau~ophane schist, blueschist to greenschist facies metamorphism involving the presence of 
high CO: levels in the tluid phase (Hynes, 1980; Murphy and Hynes, 1986; Vocke et al. , 
19S7). Apparently, while REE are mobile in such environment, Th stays practically 
immobile (Vocke et at., 1987). although it can be increasingly mobile under higher P-T 
conditions (Sorensen and Grossman, 1989). Additional mobility ofREE was documented 
in various regions during low-temperature w~atht'ring and hydwus bunalml'tanlllrphism 
(Hellman et al, 1979; Ludden and Thompson. 1979. 1\tarsh. 1991. Pril"l' t.'l al . I <N I) 
Extreme continental weathering ofvokanic rm:ks may bt: accompanied by pwgrl'ssiw 
mobilization and net removal from the weathered samples of Si, 1\tg. Ca. Na. K. Rh. Sr. Ba 
and V: whereas Cr. Y and REE show drastic variations and redistrihution (l\ tarsh. l 1>'l I. 
Price et al, 1991). Mobility ofthese ekments during weathering appears to be a fi.ml"tilln 
of the ionic radius and charge, groundwater parameters, and the secondary mineral 
assemblages developed (Marsh, llJ91: Price ct at., 1991) Several clements. nwst notablv 
Fe, Ti, AI, Zr, llf, Sc and Ni, arc immobile and their proportions arc preserved. and ratios 
between these elements are not fractionated (Marsh, 1991 ). 
While it is clear that evidence for mobility ofREE and Ti. P, Zr, I If, Nh. Ta. Cr. Ni. V 
and Y does exist, the cases in v·!.i(~ it has been documented primarily involve inll'nsc 
hydrothermal activity (i e high water/rock ratio). metamorphism or wt.•athcring.. and/or 
glasses, rather than crystalline rocks. Every precaution was taken during the study to 
collect samples from fresh, crystalline pillow cor~:s, or from the center:• of massive lh1ws 
and dykes/sills, that showed the least evidence of a hydrothcrnul overprint Samples Wl'rc 
collected well away from the stratigraphic contact with Silurian and Carboniferous vokanit.: 
and sedimentary rocks, as these areas were most likely subjected to continental type 
weathering. This approach and subsequent petrographic assessment of the freshness of the 
rocks allowed to exclude, prior to analysis, samples in which eflccts of alteration were 
particularly evident. The following assessment of element mobility based upon available 
literature and experience of workers familiar with alteration systematics of vokanil: rocks in 
Newfoundland Appalachians (Coish, I 977; Coish et at, 1982; Jenner and Szyhinski, I <JX7. 
Swinden, 1987; Swinden et at,; 1990; Jenner, 1991; Dunning ct at, 1991; Jenner and 
Swinden, 1993; Kean et at, 1995) has been adopted in interpreting the geochemical data 
acquired during this study: 
- Si, Ca, Na and low field strength elements (LFSE)- K, Rh, Ba, Sr arc considered 
to be mobile under hydrothermal alteration and grecn-;hist facies conditions; 
- Mg and total Fe are mobile, but to a lesser extent dnd may r.ot be significantly 
mobile during sub-seafloor metamorphism at low water/rock ratios The 
degree of Mg and Fe mobility is o: concern, since the Fe0*11\1g0 (FeO• 
being total iron) ratio and the Mg# (molecular proportion I 00 
MgO/( MgO + FcO j) arc commonly used as indicators of fractionation It 
appears that at low water/rock ratio and under greenschist conditi0ns, the 
original ratio of th'!sc clements may be preserved in pillow interiors 
(Swinden, 1987) and can be used to indicate the relative degree of 
fractionation of the rock; and 
- AI, transition metals Cr, Ni, V, high field strength elements (HFSE) Ti, P, Nt, Zr, 
Y, the low field strength element (LFSE) Th, and rare earth elements (REE) 
arc considered to be essentially immobile during greenschist facies seafloor 
alteration under lower water/rock ratio, but may be mobile at higher 
watt.·r/rock ratios, under higher grade metamorphic conditions or during 
any-grade of metamorphism involving a C02-rich fluid pbse (Dunning et al., 
1991) 
In active geothermal systems and under conditiom oflow grade 
metamorphism. felsic volcanic rocks experience a sirn!lar redistribution of elements 
to that exhibited by their mafic counterparts (e.g . Pearce et al. , 1984; Sturchio et 
at . 19R6) Si, Mg, K, Na and the low field strength ~lements (Rb, Ba and Sr) are 
particularly mobile and their concentration in altered rocks may not reflect 
magmatic abundances ( Arth, 1979, Sturchio et al., 1986) In particular Na, Ca, Sr 
and Ba are associated with zeolites in altered samples, whereas Mg, K and Rb are 
associated with clays. Chloritization may result in removal of K and Rb, whereas 
sericitization reflects addition of these elements to the rock (e.g . Swinden, 1987). 
Samples of silicic rocks were collected from outcrops which did not show strong 
hydrothermal alteration. Further petrographic identification of alteration in 
specimens (quartz veining, sericitization, chloritization, etc.) was used to screen 
out any strongly altered samples 
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4.3 Nomencl:ttur<" Of Volcanic Rocks 
There are a number of considerations that bear on the nom,·ndaturc o,n nam,· ~''' ,·n h' a 
volcanic rock based on its geochemical signature For exampk. so,l!l\l' of tlw ~.·rit ... ·ria that 
need to be established are: lithology (e g., basalt, rhyolitd. lh.·grcc of fraltio,mati;.m (l' ~ 
primitive. parental or highly fractionated)~ magma Sl'rics (c g, calc-alk.tlic. thokiitid. 
tectonic affinity (e.g. arc, non-arc, transitional)~ and the cquivaknt an; r,,,·k so..·ri,·s haso..·d pn 
K-content (through the use of immobile dements) Bc.:orc presenting anJ disntssin)o! tbl· 
geochemistry of rocks in the western Notre D,une Bay, the Cl'nco.:rns rl'garding 
nomenclature and the approach taken in this study arc brietly rcviewl·d 
4.3.1 LITHOLOGY 
One geochemical convent;on for subdi,·ision or naming volcanic rocks inn'h,·s thl· 
use of weight percent Si01, for exa!llple: basalt <52~o SiO:· low silica andesito..' - ''2- 'i<•"" 
Si01; high silica andesite- 56-62% Si01~ dacite- 62- 66%; rhyolite >(,(,"o SiO_. (basl·d 
on volatile-free recalculated analyses) (e.g Winchester and Flnyd, I tJ77. ( iill. Ill X I . 
LeMaitre, 1989). This method is not as useful or as preferred as the total alkalies wrsus 
silica method (LeMaitre, 1989); however, the alkali elements arc particularly susccptihk 
to alteration effects. Abundant evidence also suggests silica mobility during alteration. 
resulting in either addition or subtraction of Si01 and this mobility of Si01 poses a 
problem in applying the simple silica-based nomenclature. llowcvcr. a cross dll'Ck hasl·d 
on immobile incompatible element ratios can be applied and guidl.'lincs on the rl.'liahility 
of using silica as first-order tool in naming the rocks established This approa...:h has 
proven useful in other geochemical studies in Dunnage Zone rocks (c g Jenner ct al . 
1991). 
A set of the samples from the western Notre Dame Bay area. consisting of 
non-fragmental, non-quartz phyric and apparently mafic rocks is plotted on the 
Nb/Y-Zr/Ti02 and Zr/Ti02-Si02 diagrams ofWinchest(;r and Floyd ( 1977) (Fib. 4 4) 
On the first ofthese diagrams (Fig. 4.4A) the majority of samples form a cluster within 
the basalt /andesite field. On the second diagram (Fig. 4.4B ), the data form a vertical 
trend within a relatively narrow range of Zrffi02 ratios, and with the rnajorit y of samples 
still falling into the basalt and andesite fields. However, several samples plot within the 
. . . ' ·. ' ' .. ' 
' ~ II ' • • 
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rhy< >dautdd<tclte fit:ld and 3 samples (2 inverted and I upright filled triangles) plot well 
m tht: upper part ofthe andesite field These results indicate that while silica 
n:di-.tnhution may have taken place, only in a few samples has there been sufficient 
add1t1on of sil1ca to cause the rock type to be misclassified 
h . +.ic rod, s plotted on these diagrams arc shown m (Fig, 4 5 ). There are two major 
tvpcs oftl:lsic rocks m the western Notre Dame Bay area in terms of their silica content 
dautt:/rhyodaute with silica in range 65-73% and rhyolite with silica in the range 
7'>-7'J"" (Fig 4 '\BJ The lnw silica type represents mostly felsic rocks of the Culwell 
< •IOIIJl whereas, the high silica type comprises chiefly samples from the Catchers Pond 
scl:li< 'n of the Western Arm Group On the 1\;'b/Y-ZrfTiO, diagram (Winchester and 
I 1. •vd. 1 •>77) the two groups overlap and fall predominantly in the rhyodacite/dar::ite 
tid d. implvin.g addition of SiO ~ to at least some felsic rocks from the Catchers Pond 
In this study, th..: division bctv.cen mafic and felsic volcanic rocks was made at 
appro-.1mately (,].fi'i \\eight 0 o SiO: and reflects a small but ar;parent SiO: "gap" 
hL·t \\.l'Cn high-silica andesites and spatially associated- dacites in the western Notre 
I >a me Bav area This gap corresponds to a silica value adopted by Winchester and Floyd 
( 11)77) as the boundary between the andesit;! and rhyodacite/dacite fields (figs. 4.4 and 
I ") In general. it appears that the silica values approximate the original SiO: 
CllllL'l'lltrati<ms. and provide a good lirst approximation to the name of the rock. Thus . 
• lll· silira-hascd (omcntional nomenclature has been used in this study, although it has 
hcL'Il corrL'L·tcd \dll're necessary. by the one based upon imm0!Jilc incompatible clement 
I'll H'S 
·I ' 2 I R ·\CTIO".::\TIO"l 
Th~· term "fractionation' is applied to the process by which various derivative lavas 
n uh c li ,,n\ a parl'nt;tl magma (c. g Cox ct at., 1979, Best, 1982) Synonymous with the 
t~·rm "fr:-trti<'nati,,n". and oflcn used by petrologists, is the term "differentiation" There 
'"'-'a numhL' r ofdilfl'rent mechanisms by which the parental magma can fractionate, 
rnduding rrvstal-liquid fractionation processes (fractional crystallization and partial 
nwlting) \\hidt dominate the evolution of igneous rocks, progressive contamination and 
assimilation of country rock, and mixing of magmas Th~..·r~..· is a n~..·~d t•' arranp~ 
geochemical data from volcanic rocks in an onkr. "hkh will rdkl'l dwmi'"·al~..·n,lutil'll 
from the potcmia!!y "par~ntal" compositions towards mor~ r.:n,lwd "d•H•ght~..·r" 
compositions To do so. one needs to usc some so11 of indicator(:-.) of that ~.:hcmi~..·al 
evolution . these arc called fractionation indices Authors working with tr~.·sh. unal11.'11..'d 
rocks commonly usc SiO: or MgO as indices Roth of those indicl's ha\ c th~..· ir 
drawbacks. as SiO: is not particularly sensitive in the early stages ofnystallitation. ami it 
is atlccted hy alteration and metamorphism; whereas. the ~fgO ind~x is not s~..·nsiti·H· to 
the crystallization of plagioclase. and it may be affected by alll..'ration (C'ox ct al , 1'>7'1) 
More reliable and useful arc indices based upon various comhinations of iwn and 
magnesium ratios ( c g Miyashiro, 1974 ). such as 1\ 1g# (molecular J'fllPl'rt Jon lllO 
MgO/[MgOtFeO*J) and the FeO•fr\1gO ratio (FeO• being total iron), although, tlu.·sc 
also may fail when crystallization of ferro magnesian phases is acwmpanied hy nh:nsiw 
magnetite precipitation. Despite those limitations. both the Mg# and Fd)*/1\tgO arc 
commonly used as fractionation indices in ancient rocks and they arc used for this 
purpose i:1 this thesis. 
4 3 3 f\1t\_G_l\1 t\ SE~lt:.S 
Magma series (also known as associations or trends, e g 1\h:Birney, Jt)X.t) Wl'rc 
originally defined on the basis of changes in differentiation trends within rm:k suites fro111 
single centers and spatially associated volcanoes (e g . Kuno, 1%0; Miyashiro, ICJ7·t) 
However, as Miyashiro ( 1974 ). Gill (198 I ). and Takahashi ( 19X6) have pointed out . 
during the history of a single volcano different parental magmas may coexist, and impede 
attempts to identify distinct series Rocks from a given igneous center may include Wl~s 
tapping various sources and represent more than one series, these can he rd'cr red to as a 
suite (e.g . McBirney, 1984) It should be noted, that there is no indication. other than 
close spatial association. that lavas in the western Notre Dame Bay area defining any 
particular geochemical trend were actually erupted from the ~;amc volcanic center and/01 
arc co-magmatic 
Three distinct arc magma series- tholeiitic (Til), calc-alkalic (Ct\) and alk ali<.; arc 
recognized (e.g. Kuno, 1960; MacDonald and Kat sura, I CJb4, Irvine and Barager, I <J7 I, 
c t ~ • . - - -- ----- - -
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Miya~hiro , I <.J74, I <J7H ), and the concept of these series or trends is very important for 
present modl:ls of arc volcanism Their recognition potentially has important 
pakotcllonic implications, for example, some workers have documented a systematic 
positive correlation between the ratio ofCNTH volcanism and crustal thickness of the 
an; (c g Miyashiro, 1974, Coulon and Thorpe, 1981; Takahashi, 1986; Plank and 
Langmuir, I <)R8; Miller et a!, 1992) 
,, .\ 1 I Alkalic And 1\:on~_Alkahc. . .-Sg_ri~~ 
The first step in assigning volcanic rocks to a magma series is to determine whether 
they arc c:lkalic or non-alkalic and, if non-alkalic, to further distinguish bct\vecn 
tholeiitic and the calc-alkalic series. In fresh rocks, the distinction between alkalic and 
non-alkalic series is relatively straightforward, based upon alkali contents and silica 
versus alkali ratios ( e g J\facDonald and Katsura, 1964; Irvine and Barager, 1971; 
i\ tiddlcmo-;t, 1975, LeMaitre. 1989). A different approach and nomenclature, proposed 
v.:ith respect to silica-undersaturated lavas by Green ( 1969) is based upon the presence 
ofnormativc nepheline and hypersthene. Neither of the above methods is appropriate 
in altered rocks because of the probability of alkali element and silica mobility. 
In order to difTcrcntiate between alkalic and sub-alkalic series in altered rocks, 
Floyd and Winchester ( 1976, I 977) devised several diagrams that use the HFSE, P :0~ 
and SiO: contents (Zr/P ;0,-]\jbN, Zr!Ppj-Ti02, NbN -Zrrfi02 and Zr/Ti02-Si02) . 
I lowewr. with the exception of Y, the I n:sE elements employed by Floyd and 
Winchester ( 1976, 1977) are precisely those which in subduction-related volcanic 
rocks, arc wnsidcred to b::! depleted relative to oceanic basalts This raises the 
possibility of misidentification of alkalic versus non-alkalic series using the HFSE, and 
indeed these diagrams fail to reveal alkalic affinities of at least some alkalic volcanic 
suites cn1ptcd in subduction related environments including Grenada (Thirlwall and 
G1 a ham, 198~ ). rifled arcs in the Marianas (Bloomer et al., 1989; Lin et al., I 989) and 
Fiji (Gill and Whelan. 1989) and a continent-continent collision zone in Eastern 
:\natulia (Pearce et al., 1990). Only part of the suite from Grenada exhibits an alkalic 
a!linity, the greater part of the volcanic suite from Anatolia plots as non-alkalic, and 
shoshonitic hasalts from Fiji and alkalic basalts from Grenada plot as non-alkalic on all 
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four diagrams. Data from the \ 1arianas shoshnnitl'S ( l3lo~.,m~r ct al . I 9S'). I. in ~:t al . 
1989). which lack f'..'b data. plot as non-alkalic on hoth (Zr/P p,-TiO: and i'rrriO:-SiO:) 
diagrams. Therefore, it is possible that the "alkalic" character of anci~nt suhd111:tilm 
related volcanic suites investigated here may be misid~ntifi~d using th~sc diagrar:1s 
4 .3.3.2 Tholeiiti~_([lf..lAnd Cah;-Aikalic (C':\)Scr.i£.\' 
Further division of sub(non)-alkalic magma scri~s into thok·iitic and cak-alt..ali'-· 
series, for rocks from present day settings, is customarilv made on the AF:\1 
(A=Na203+K20; F=FeO+Fe~O); J\.1= t-.1g0) diagram of Irvine and Barag~r (I i)71 ), and 
on the FcO*/MgO-SiO: diagram of Miyashiro ( 1974) Grove and Bat..cr (IllS.!) usl:d 
normative olivine-clinopyroxene-quartz and olivinc-plagiodase-quart1. pn,jt·rtinns to 
illustrate differences betv.·een Til and C A trends Clearly, alkali clcm~:nt and silica 
mobility make these approaches inappropriate for altered volcanic rocks llmwwr. ('A 
and TH series can be identified using immobile clements. Miyashiro ( JlJ7.1) and 
Miyashiro and Shido ( 1975) have shown that in typical Til series volcanic rucks. the 
Feo•, TiO: and V contents increase and then decrease with advar1l:ing fradional 
crystallization; whereas. in typical CA series. the Feo•, TiO~ and V contents <kl:n:asc 
continuously Based on this observation, two diagrams- the TiO~- and FcO•-
FeO•/MgO (Miyashiro, 1974; Miyashiro and Shido, 1975)- arc used to define Til and 
CA suites within rocks of the western Notre Dame Bay area While these diagrams 
provide a useful guide to identifying TH and CA suites in the western Notre Dame Bay 
area, they are not in themselves necessarily definitive There arc a range of processes 
put forward in the literature to explain the origin ofT II and C A rocks, and 
identification ofthe series is hampered by ubiquitous transitional rocks The f(JIIowing 
brief discussion highlights the present uncertainty in the origin of these two dilrercnt 
suites. A wide range of processes has been proposed to explain the origin. cvolut ion 
and differences between the tholeiitic and calc-alkalic series ( Kuno, I 9lJ0, Masuda and 
Aoki, 1979; Gill, 1981 ; Kay ct al , 1982; Myers ct al, I 985; Miller ct al , I'J!J2) 
Authors of several recent studies of volcanic rocks and mafic/u It ramafic inclusions from 
the Aleutian and Lesser Antilles island arcs argued on petrochemical ground~. that 
tholeiitic and calc-alkalic trends are the result of low-pressure versus high-pressure 
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crystal fractionation and mixing ( e g. Cawthorn et al, 1973; Arculus and Wills, 1980; 
Per fit and Gust, 1981, Conrad and Kay, 1984; Nye and Reid, 1986) Others (e.g . Plank 
and Langmuir, 1988; Mi!ler et al, 1992), suggest that low pressure crystal fractionation 
and mixing trends are superimposed upon fundamental differences in the major element 
chemistry established by different melting processes in the mantle, which are responsible 
for the generation ofthe tholeiitic and calc-alkalic parents. 
The significance of amphibole fractionation in the development of the calc-alkalic 
trend has been argued over the years by many petrologists (e.g. Ca"'thom and O'Hara, 
1976; Anderson, 1980; Green, 1982; Foden and Green, 1992). Field and geochemical 
data were presented emphas;zing importance of hornblende in the evolution of 
calc-alkalic magmas in the Aleutian arc (Perfit et al., 1980b; Conrad and Kay, 1984; 
Kiiy and Kay, 1985; Romick et al, 1992), the Lesser Antilles arc (e.g. Cawthorn et al. 
1973; Arculus and Wills 1980), the Sunda arc (e.g . Foden, 1983), and volcanic rocks 
from other arcs ( e g. Grove and Donnelly-Nolan, 1986). 
Grove and Baker ( 1984) proposed that the development of contrasting tholeiitic 
and calc-alkalic trends is controlled by the proportions of olivine, plagioclase and 
pyroxene that crystallize from the basaltic parental melt. In the case of the calc-alkalic 
trend, this mineral assemblage begins the differentiation history and it is followed by 
further crystallization of amphibole, as a result of reaction of olivine, plagioclase and 
augite with the liquid (llclz, 1973; Grove and Donnelly-Nolan, 1986). Grove and 
Baker ( 1984) noted that more evolved tholeiites and transitional calc-alkalic magmas 
may both be derived from a tholeiitic parent, and recognized that although pressure 
controls the proportions of fractionating olivine, clinopyroxene and pigeonite, water is 
the factor which most influences phase chemistry. 
Experimental and theoret ical investigations by P.B. Kelemen and co-workers 
(Kelemen, l9lJO; Kelemen et al ., 1990a, b) suggest that interaction between strongly 
depleted peridotite and magnesian olivine tholeiite produces liquids which possess the 
major and trace-clement characteristics of the calc-alkalic trend. Field evidence for 
su.:h reaction between hot basaltic magma and ultramafic/mafic rocks at the 
mantle/crust boundary has been presented by several \\Orkcrs (C\mrad and Kav. I <>X4 . 
Takahashi, 1986 ). 
4.3 .3.3 Boninite Series And Other High-l\1g A~Q.~~i~~~ 
A distinct, non-alkalic magma type, termed boninitic, has been rel·ognited in 
subduction-related environments (c.;;. Cameron et al, 1979; Jenner. 198 I; Tatsumi and 
Ishizaka. 1981 ; Hickey and Frey, 1982; Bloomer and Hawkins. 19R7; Bcccaluva and 
Serri, 1988; Falloon and Crawford, 1991}, as well as, in ancient ophiolitic complexes 
(e.g. Coish et al., 1982; Swindcn et al.. 1989; Pedersen and llertogcn. 19')0; Brown and 
Jenner, 1991; Kean et al., 1995). Boninitcs are characterized hy high (andcsiti~.:) Si02 
and MgO contents, strong depletion ofTi and other IIFSE, enrichment of Zr and I If 
relative to the REE and other HFSE, overall depletion in the MREE and IIRFE, and a 
LREE enrichment that gives rise to a concave-upward REE pattern. These 
characteristics are interpreted to be the result of melting of a refractory mantle source 
upon which there was superimposed a metasomatic enrichment event (Nesbitt and Sun, 
1978; Jenner, 1981, Hickey and Frey, 1982) It is suggested that the con~o:ave-upward 
REE pattern results from an amphibole imprint on the component that mctasomatizes 
the mantle source (Pearce et al, 1992). 
Less common than boninite is another type of high-Mg andesite, refi.:rred to lm:ally 
as sanukitoids (Tatsumi and Ishizaka, 1981) or bajaites (or bajaite: series) (Saunders ct 
al., 1987). These andesites are characterized by high MgO, Cr. Ni, and have 
abundances ofHFSE, LFSE and REE that are more typical of island arc andesite~; thiln 
boninites. They appear to represent hydrous partial melting of relatively undep!eted 
mantle sources and are found in island arc settings that arc characterized by an input of 
hot asthenospheric material associated with : subduction of a spreading ridge (Saunders 
et al, 1987; Tatsumi and Maruyama, 1989) and/or formation of a slab-window (Rogers 
and Saunders, 1989; Hole ct al., 1991 ); active continental rifling ( l.uhr et al , 19K(J ), 
and possibly with the initiation of normal back arc spreading (Tatsumi and Maruyama, 
1989). 
- . . I -
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4J34 K~_Suit!.!1i 
A different method of dividing mafic volcanic rocks was introduced by Gill ( 1981 ), 
who defined three suites within volcanic rocks on the basis of the contents of~O and 
the K-type elements (Rb, Cs, Ba and Sr), and named them low-K, medium-K and 
high-K suites. The K-suites are known to include members of both tholeiitic and 
calc-alkalic series; but it has been shown that the low-K series is composed primarily of 
tholeiites, and the medium-K series more often consists of calc-alkalic rocks (e.g. Gill, 
I 981; Ewart, 1982; Wilson, 1989; Hess, 1989). 
As Kp and related trace elements are highly mobile in ancient volcanic rocks, the 
distinction between the different K-suites in these rocks can be made using the slope of 
normalized REE patterns (Gill, 1981 ). In general, rocks of low-K suites have negative 
or flat patterns and the lowest REE concentrations among any volcanic rocks. 
Mcdium-K suites have moderately positive REE patterns, and high-K suites have steep 
positive patterns. Light REE contents and the slope of their patterns increase steadily 
from low to high-K suites, whereas heavy REE patterns remain constant or -::hange 
little. Swinden (1987) quantified this division based upon (La!Yb)N (chondrite 
normalized) values and proposed that: the (La!Yb)N oflow-K suites is <1 .5; medium-K 
suites is I to 5 and ofhigh-K suites is >5. A similar but Jess specific breakdown was 
proposed by Coulon and Thorpe ( 1981 ), who combined several characteristics of 
island-arc tholeiitic and calc-alkalic series and showed that the La/Yb ratio= 3.5 
((La!Yb)No~2 5) forms in general a divide between these two associations. 
1 .14 ARC VERSUS NON-ARC GEOCHEMICAL SIGNATURES 
Of primary concern in this study is to ascertain if the igneous rocks sampled have an 
arc or non-arc geochemical signature. Geochemical signature is defined as combinations 
of clement concentrations and/or ratios, which are characteristic of the magmas. In 
general, geochemists use incompatible trace element contents, since these more 
accurately reflect the source material and/or the processes that affected that source 
material during generation of the magma. Incompatible trace elements are also less likely 
to be fractionated from each other during magma evolution. However, the compatibility 
of an element can be affected by the mineral phases crystallizing during fractionation or 
-t- 1-t 
by residual minerals in the source, and due care must be given to this possibility. 
Geochemists generally illustrate geochemical signatures on multielement diagrams. either 
by defining empirical fields based on modem day examples, or by plotting them 
normalized relative to a hypothetical source composition or reference rock type. Such 
diagrams have allowed geochemists to identified geochemical signatures peculiar to or 
characteristic of certain plate tectonic settings. The orig .' of these signatures is not 
always clearly understood. 
4.3.4 . 1 Normalized Multielement Plots 
The trace element and REE data are commonly presented in a graphi·~al form 
normalized to element abundances in chondrites or the "primitive mantle" (c g. Wood ct 
al ., 1979; Sun et al, 1979; Thompson et at., 1983; Briqueu et al. 1984; Sun and 
McDonough, 1989). In such diagrams the REE elements arc commonly presented in 
order of increasing ionic radii. In diagrams that combine the REE and other trace 
element groups, the element order reflects incompatibility, but the detailed arrangement 
of elements in such diagrams can vary somewhat depending on how the behavior of an 
element has been predicted. For mafic to intermediate igneous rocks, the arrangement 
reflects decreasing incompatibility (or increasing value of bulk D) of the clements rrnm 
left to right in a spinel lherzolite peridotite mineral assemblage. Order has also been 
based on the depletion pattern in N-MORB and the systematics of concentration ratios 
i; ~ E-MORB and OIB (e.g . Sun, 1980; Thompson et at., 1983, 1984; Sun aml 
McDonough, 1989). Since the Earth is not chondritic with respect to some ofthc 
elements used on these diagrams (i.e . Rb, U, Pb), model primitive mantle (PM) 
abundances are the preferred normalizing values (llofmann, 1988; Sun and 
McDonough, 1989). Primitive mantle is conceptually a hypothetical bulk silicate Earth. 
before any differentiation occurs. 
As an alternative to normalizing relative to primitive mantle, it is common to 
normalize to an average N-MORB composition. The ordering of clements on 
N-MORB normalized plot~ is generally the same as for primitive mantlc-normalit.cd 
plots, although authors are freer to reorganize the elements in order to illustrate some 
process (e.g . Pearce 1983, McCulloch and Gamble, 1991 ). 
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It is commonly accepted by petrologists that several sources contribute to arc 
magmas The magmas are most likely generated in the mantle wedge above the 
subduction zone, thought to be composed of refractory or depleted MORB mantle, 
which is variably enriched by fluids originating from subducted altered oceanic crust 
and sediment. On their ascent, the magmas may be contaminated by a silicic component 
derived from thickened arc or continental crust (Pearce, 1983; Hole et al., 1984; 
Tatsumi et al., 1986; Arculus and Powell, 1986; Davidson et al., I 987; Ell am and 
llawkesworth 1988; Hildreth and Moorbath, 1988). Some authors also propose, 
mostly on the basis of isotopic data, that enriched E-M ORB and OIB sources also 
contribute to arc magmas (e.g. Stem, 1981; Morris and Hart, 1983, Lin et al., 1990; 
Kostopoulos and Murton, I 993), although the basis of such proposals is questioned 
(Pcrfit and Kay, 1986) 
Many primitive mantle and N-MORB normalized multielement plots include 
elements that are easily affected by altl!ration (i.e. Rb, Cs, Ba, Pb, K, Sr). In this study, 
a restricted set of clements (immobile) is used to construct the normalized multielement 
plots, and Th is the only LFSE included. 
4.3.4 .2 Tectonomagmatic Discrimination Diagrams 
Geochemical studies of rocks formed in known/recent tectonic environments has 
led to the recognition of geochemical characteristics that are typical, but not necessarily 
unique, for rocks formed in these t:nvironments. Some of these signatures or 
characteristics have been illustrated using selected major, minor and trace elements 
ratios, leading to the creation of a number of tectonomagmatic discrimination diagrams 
that arc used to interpret the tectonic setting of volcanic rocks. Some of these diagrams 
employ clements that are mobile during alteration and metamorphic processes, and 
therefore can not be usl.!d for a!iered ancient rocks. Even diagrams involving immobile 
clements should not be used indiscriminately, since their ability to distinguish different 
environments may be limited by the fact that they do not compensate! for complex 
processes which modify magmas (Duncan, 1987; Arculus, 1987; Wang and Glover, 
1992) 
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Despite these limitations, tectonomagmatic dis~rimination diagrams han~ hl'l'n 
found to be helpful in a preliminary assessment of tectonic setting of early PakoJ:lliC 
rocks in the Appalachians and Caledonides (e.g . Jenner and Fryer, 1980, Grcnnc. lqR7; 
Swinden, 1987; Dostal, 1989; Leat and Thorpe, 1989; Paktunc. 1990; Dunning ct al . 
1991 ; Jenner et aL, 1991). In particular two plots, the Ti-V (Shcrvais. 1982) and the 
Zr-Ti (Pearce and Cann 1973) have been found to be effective preliminary disniminants 
between arc and non-arc settings. The ZrN-Zr plot (Pearce and Norry. 1979, Pl·arrc. 
1983) can be applied to mafic volcanic rocks already identified as having non-arc ur 
-.olcanic arc character, to distinguish between MORB and WPB, and hctwccn on:anil· 
and continental arcs, respectively. The MnO•I 0-i\0, • I 0-TiO: diagram of l\1ulkn 
(1983), the Zr/4-Nb•2-Y diagram ofMeshede (1986). and the Zr-Ti/100-Y*.l of 
Pearce and Cann ( 1973) may also be employed to further strengthen the divisions 
Most of these tectonic discriminants have been used in evaluating the data for the 
western Notre Dame Bay area (see Tables 4. I to 4 .6). However, the results arc 
illustra~ed only on the Ti-Zr and Ti-V plots, which were found to be the simplest and 
most effective diagrams. 
There is some degree of agreement amongst various authors that hasalts enaptcd 
from mid-ocean spreading centers may be distinguished from basalts filrmed in an arc 
setting by their Nbffh ratio. Such separation can be accomplished using the Th-llf-Ta 
diagram ofWood (1980) and the Th/Yb versus Ta!Yb diagram of Pearce (19!Q) and 
these are used to further determine different environments of eruption of western Notre 
Dame Bay area volcanic rocks. Zr/36 and Nb/1 7.5 values arc used in Wood's ( 19HO) 
diagram instead ofHfand Ta, respecti·Jcly, and Nb/17.5 is used instead ofTa in 
Pearce's diagram (36 and 17.5 represent chondritic/primitivc mantle values of Zr/llf 
and Nbffa ratios from Sun and McDonough, 1989) The primitive mantle Nbfrh ratio 
has recently proved to be a sufficient primary discriminant of rocks erupted in anci.:nt 
arc and non-arc environments ofthe Newfoundland Appalachians (e.g . Swindcn ct al . 
1989, 1990; Jenner et al., 1991). All ofthe above diagrams arc applicable strictly to 
mafic volcanic rocks, but the Th- Zr/36- Nb/17.5 ternary diagram of Wood (I <JXO) is 
used, as well, to determine the volcanic setting of the felsic rocks. 
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One of the most notable geochemical features of volcanic rocks erupted in an arc 
setting is their characteristically low abundance of Nb(Ta) relative to Th and the LREE 
(eg. Woodetal, 1979;Saundcrsetal., 1980a;Gill, 1981;Pcarce, J983;Briqueuetal., 
I 984; Arculus and Powell, 1986 ). This feature of arc lavas is reflected on normalized 
multielement plot!> in the form of a negative Nb(Ta) anomaly with respect to Th and La 
and it is referred to as an "arc" or "supra-subduction zone" signature. Since it was first 
identified, the presence of this geochemical signature has been widely recognized and 
confirmed in rocks from various modem arcs, although its origin is a subject of 
continuing discussion (e.g. Pearce, 1983; Arculus, 1987; McCulloch and Gamble, 1990; 
Saunders et al, 1991 ). It is important to realize, however, that the Nb anomaly is not 
unique to magmas generated in the arc regions. Rocks with this and other 
characteristics of arc lavas (e.g . overall depletion in HFSE and enrichment in LFSE and 
LREE) are found commonly within continental flood basalts, where the signatures likely 
result from a contamination of asthenospheric melts by upper continental crust (e.g . 
Lightfoot and llawkesworth, 1988; Saunders et ai., 1992). Similarly, some lavas 
erupted in collision zones and derived from lithosphere carrying the subduction 
signature from pre-collision subduction events may also display characteristics of arc 
rocks (Pearce et al, 1990). 
A number of studies have noted the resemblance between basalts formed in 
hack-arc basins and mid-ocean spreading ridges, though emphasizing at the same time 
numerous differences in relative HFSE depletion, LFSE and LREE enrichment (e.g. 
Gill, 1976; Saunders and Tamcy, 1979 and 1984; Hawkins and Melchior, 1985; Sinton 
and Fryer, 1987). More recent geochemical dzta from back-arc spreading ridges of 
Mariana Trough and Lau Basin have si'own a strong Nb underabundance in erupted 
rocks and various LREE enrichment, which produced normalized rr.ultielement patterns 
similar to those of arc rocks (e.g . Jenner et al., 1987; Hawkins et al ., 1990; Stem et al., 
1990, Vallier et al., 1991 ). Addition of a minor, but significant, "arc-source" derived 
component to the back-arc basin mantle source is confirmed by the isotopic 
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characteristics of samples from the Lau Basin and Mariana Trough spr~ading ridgl'S 
(Jenner et al, 1987; Hawkins et al., 1990). 
The presence of the "arc signature" in rocks erupted both in arc and back-arc 
settings emphasizes the need for high quality Th. Nb(Ta) and REE data in analyting 
ancient volcanic rocks. It is particularly important in evaluation of rocks form~d in th~ 
ancient back-arc environment, some of which if structurally displaced from rocks 
displaying an; affinities, would be c!:1ssified as non-arc depleted l\10RB. on the basis ,lf 
V, Ti, Zr andY ratios (Jenner et al ., 199 i; Vallier et al ., 1991 ). 
4 .3.5 SUMMARY OF SOURCES AND PROCESSI~S_fON.I}{JBlJTING TO ARC 
LAVAS 
Ultimately, the origin of the arc geochemical signature illustrat,~d by normalit.ed 
multielement plots and tectonic discrimination diagrams reflects the variety of proc~sscs 
occurring in the supra-subduction zone environment. Although processes involved in the 
generation of arc magmas are still very controversial, it is now widely acc~pted that th~rc 
are three potential source regions which contribute to the arc magmas I ) variably 
depleted to variably enriched (?) MORB-Iike mantle located in the wedge above 
subducting slab; 2) subducted oceanic crust (altered MORB) with or without sediment. 
which provides material to the mantle wedge via mass transfer involving fluid phases 
and/or melts; and 3) arc or continental crust (e.g. Pearce, 1983, Arculus and Powell, 
1986; Ewart and Hawkesworth, 1987; Crawford et al., 1987; Ellam and llawkesworth, 
1988). The mantle wedge is envisaged to be the major source of IIFSE in subduction 
related magmas, whereas subducted oceanic and continental crust (as sediment) arc 
responsible for a large proportion of LFSE. The sediment component is charaderit:ed by 
moderately high LFSEIIIFSE ratios, and slightly elevated Zr/Y with respect to MORB. 
whereas the slab derived fluid phase is characterized by high LFSE/LREE and hi~h 
LFSE/HFSE ratios. The latter component is responsible for LFSE enrichment with 
respect to the HFSE and LREE in subduction related lavas Ellam and llawkcsworth 
(1988) stressed that although decreasing degree ofmelting can fractionate LII.E with 
respect to higher degree melts, it can not produce relative IIFSE depletion 
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Some authors ( e g. Morris and Hart, I 983; Gill, I 984) proposed that the mantle 
wedge has OIB characteristics, and that geochemical input from the subducted oceanic 
crust and overlying sediment may be minimal. To account for the depletion in HFSE 
with respect to LFSE and LREE typically found in arc lavas, they arbitrarily suggested 
the presence of residual Ti-rich phase(s). However, Green and Pearson ( 1986) and 
Ryerson and Watson (1987) have shown that stabilizing a Ti-rich phase in the source 
region of arc magmas is unlikely. 
Emphasizing the importance of the sediment component, it had been suggested that 
the presence of negative Ce anomalies in some volcanic arc rocks must be inherited from 
pelagic sediment added to regions of magma generation (Hole et al., I 984). This idea 
was challenged by Ben Othman et al. (I 989), who believed that this property of arc lavas 
instead reflects fractionation of LFSE from REE as a result of slab dehydration and 
metasomatism. Sediment subduction and involvement in the generation of arc magmas 
has been positively demonstrated by bel)'llium isotopes and B-Be systematics in volcanic 
arc rocks (e.g . Brown et al., 1982; Tera et al ., 1986; Morris et al., 1990). 
Experimental studies (Tatsumi et al. 1986) supported earlier observations that 
components added from the subducted slab into the mantle wedge do not affect the 
abundances and ratios ofiiFSE in the wedge. Thus, it has been proposed that HFSE 
ratios reflect the composition of the unmetasomatized (MORB-Iike) mantle wedge 
(Pearce, 1983, Ellam et al., 1988; Edwards et al., 1991) and plots utilizing these 
clements arc used to evaluate the sources, other than the mantle wedge, that have 
contributed clements to arc magmas. 
An important question is the depth at which melting takes place in the mantle 
beneath the arc. The REE may give some clues with respect to the depth of melting, 
since the distribution of these elements between melt and solid is strongly controlled by 
phases which are affected by pressure. Initial (low degree) melts derived by partial 
melting of garnet peridotite are characterized by strong enrichment in LREE and equally 
pronounced depletion of the HREE (Shimizu and Arculus, 1975; Hanson, 1980). 
Increasing degree of partial melting of garnet lherzolite tends to flatten REE patterns 
making them difficult to distinguish from spinel lherzolite melts of similar degree (e.g. 
Lin et at. 1989). Yet, a low degree partial melt of spinel peridotite, altlll'Ugh similatlv 
enriched in LREE, can be distinguished from a partial melt of garnet lher/\llitl' bv its 
flatter HREE pattern (Lin ct al., 1989). Low pressure melts ofbasalti~ source matt•rials 
leaving amphibolite residue arc characterized by strongly depl:.:tl~d 1\tRFE and concan-
upwards REE patterns (Gromet and Silver, 1987) 
4.4 Subdi\'ision And Nomenclature Of Notre Dame Bay \'olcanir Rorks 
A representative suite of mafic and felsic vokanic and subvokani~ nKks from thl· 
western Notre Dame Bay area \l.'ere analyzed for major and trace clements On tlw !"lasis of 
initial results a smaller set of samples was chosen for further analysis of sdcl·tl·d IIFS 1·:. Th 
and REE. 
Subdivision of rocks from the study area was undertaken in several stagl'S with init1al 
emphasis on paleotectonic subdivisions, and then focusing on specific incompatible dl·mt·nt 
ratios and normalized multielement pattct ns. As other workers have found when working 
with ancient altered rocks, the usc of major and trace clement data may provid'.! onlv 
limited information on the tectonic environment in which rocks f(lrmcd lklll'r and more 
reliable information was found using a combination of REE and IISFE data Thercf(Jrc. 
emphasis in this presentation of geochemical data is on samples for whid1 a whole set of 
information is available. The overall approach to interpreting the data is schcmati~ally 
outlined in Figure 4 2; a legend of symbols used in subsequent figures is presented in Figmc 
4 .3 . 
4.4.1 PRELIMINARY PALEOTECTONIC DIVISJONS 
The complex geochemistry of rocks in the W(!stern Notre Dame nay area is 
reflected in the wide range in abundances of Ti. Zr and V and in ratios of immohilc 
elements illustrated by the Ti-V and Zr-Ti diagrams (Figs 4 6 , 4 7) These diagrams 
indicate that the rocks were erupted in at least two distinct tectonic settings On the 
Ti-V diagram (Fig. 4 .6), one set of samples (solid squares and diamonds) has a rclativdy 
broad range ofTi and V abundances and Ti!V ratios between 20-50, similar to that 
expected in MORB. The same set of samples plots within the OFB field and hcyond 
(towards OIB compositions) on the Zr-Ti diagram (Fig. 4 7), which supports their 
- --- --
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non-an.: O(;Canic affinity. In contrast to this ~10RB type, samples marked by circles and 
tnanglcs (both open and filled), as well as open diamonds and asterix's, plot mainly in the 
arc field on the Ti-V plot (Fig. 4 6) On the Zr-Ti diagram this second set of samples 
plots as (;ale-alkalic basalts (CAB) and low-K tholeiites (LKT), with some samples (open 
circles) extending into the OfD field These geochemical relationships are consistent 
with. although not definitive of, an arc tectonic setting. 
To test the validity of dividing the Notre Dame Bay rocks into arc and non-arc 
types based on Ti- V -Zr, the next step was to determine if samples in these sets have 
developed the more definitive arc geochemical signature, i.e . the Nb depletion with 
respel:t to Th and La. On the Th-Zr-Nb diagram of Wood ( 1980) (fig. 4 8), samples 
mar~cd as triangks and circles that already revealed an island arc affinity on the basis of 
the Ti-V and Ti-Zr variations, demonstrate a strong enrichment in Th relative to Nb. and 
plot within theCA and Til arc field, respectively. Samples marked as squares display 
relatively high Nb/Th ratios and plot within fields of MORD and OIB. Compared to the 
non-arc oceanic array, represented by typical N-, E-MORB and OIB, nearly all of the 
v.cstcrn Notre Dame Day area samples demonstrating OFB affinity are shifted slightly in 
the dire~.:tion of the arc field The samples also plot in the non-arc field on the 
llv'Nb-Nb/Yb diagram of Pearce (1983) (Fig. 4 . 9). The division line, 1\fb/Th=S. 5, in this 
diagram coincides with the chondritic and primitive mantle Nb/Th value (Sun and 
1\kDonough, 1989) and works well as a discriminant between arc and non-arc lavas. 
This property of the primitive mantle 1\i'b/Th ratio was originally recognized by Swinden 
d al (I 9R<J) and Jenner eta! (1991), who used the primitive mantle of Hofmann (1988 ; 
1'\h/Th 7 -t) as a reference line dividing arc and non arc rocks on their Y -Nb/Th plot. 
Samples, marked as filled "diamonds", plot in the OFB field on the Ti-V and Ti-Zr 
diagrams, but have lower Nb/Th ratios than ocean floor volcanics and plot outside the 
OFB field and within the island arc field on the Th-Zr-!\i'b and Nb!Yb-Th/Yb diagram 
(Fig -t 8 and -t 9). This type appears to possess geochemical signatures which are 
transitil'nal b~:twccn arc and non-arc. This is consistent with the evidence noted above 
that most of the non-arc rocks in the western Notre Dame Bay area are slightly shifted 
away from the usual OFB field, and suggests the potential for a continuum in mixing 
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relationships. This, in any case, justifies utmost caution in assigning h.'ctnnic Sl'ttings ti.'r 
these non-arc rocks. 
To illustrate these variations in geochemical signatures an additiunal pint ill\l)h ing 
f\'bnh and (La/Yb)N was devised (Fig. 410) The rationale for using (l.a/Yh)N was 
that this ratio is a good indicator of relative LREE cnri~:hmcnt and indicates allinity with 
different K-suitcs. The Nb/Th ratio on this plot (Fig. 4 I 0) scparatcs till' llll'ks into tltrt.'t.' 
sets, one with the ratio >8.5, a second with the ratio bctwccn 8) and I. and a third ''ith 
the ratio <I. The explanation of the division line, Nbrrh R 5, was giwn ahmc in the 
description of the Nb/Yb-Th/Yb diagram of Pearce ( 19K3) Using tlw (l .a!Yh)N- Nhrlh 
diagram, the western Notre Dame Bay area volcanic rocks can be divided into tlm·c 
major types displaying diverse tectonic affinities (Fig. 4 I 0) 
- NA-type: non-arc volcanic rocks that include samples identified as having 
oceanic aflinity on most of tectonic discrimination diagrams; 
- TR-type: rocks transitional in geochemical chara~.:teristics between rods 
erupted in non-arc and arc settings; 
- A-type: arc volcanic rocks encompassing samples of dearly ddincd an: 
affinity. Within this type, a number of sub-groups of ro~.:ks have been rccognit.cd 
based on combinations of element ratios. In particular, the (La/Yb)N has been 
used to divide the samples into low-,medium- and high-K cquivalt.·nts 
Average trace element ratios for each type are prt~scnted in Tahlc 4.1 and 4 1, and 
paleotectonic aftinities, as derived from tectonomagmatic dis~.:rimination diagrams. arc 
summarized in Tables 4.2 and 4.4. A complete discussion of the divisions and rationale 
used can be found in the following detailed descriptions 
4.4 .2 NON-ARC (NA) AND TRANSI_TIONAL (TR) V.QL.CANJ(' R()CKS- MI\J()R 
AND TR~CE E.;.LEMENTS 
These type~ consist predominantly ofbasaltic lavas(- 75%) (Fig. 4 4) The 
majority are characterized by Mg# between _, 7 and 63, and Ti02 ranging from about I 2 
to 2.5%. Ti increases with increasing FeO•f1\.1g0 ratio suggesting a tholeiitic character 
(Miyashiro, 1974; Miyashiro and Shido, 1975 ). Samples defined as transitional have 
somewhat lower Ti02 at given FcO*/MgO ratio than do non-arc samples 
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4 4 2 I .. ISA Typ~;JJjg~ Nb/Th Non-Arc Volcank..F&m 
The NA rocks arc predominantly sub-alkalic (Fig. 4 4) and the elevated Zr/Y >3 of 
mo!.t NA samples suggests a within plate affinity. The ~'b/Th and La/Nb ratio values 
(Table 4 I) arc used here to divide the NA rocks into two major geochemical types of 
distinct magmatic affinity. Type NA-1 consists of samples which have Nb/Th and 
La/Nb ratios ncar those of the average E-type MORB. Type NA-2 differs from the 
former in having lower Nb/Th >8 and < 13 and higher La/Nb ratios. The NA-2 type is 
further divided into four subtypes on the basis of the REE plots and incompatible 
clement ratios (Table 4. I). 
-1..1.2.1.1 NA-1 t}f'e: 1~'-MORB t;pe tlw/l!iitt:s 
Type NA-1 rocks are found in the Lower Basalt member of the Stag 
Fonmation There are only four samples and these have Mg# between 45 and 
60 Compared to rocks of the NA-2 type, NA-1 rocks have: higher Nb/Th; 
lower Zr/Nb, Zr/Y, TiN and La/Nb. Sample Cl-19-24 shows an incompatible 
clcnu:nt pattern transitional between typical N-MORB and E-MORB (Table 4.1 
and Fig. 4 . I I A). Incompatible element ratios and extended REE patterns of 
most NA-1 samples match closely the ratios and pattern of a "typical" E-MORB 
(Table 41 and Fig. 4.1 1!3) 
-1. -1. 2. I. 2 NA -2 t_1pe: T-Al ORB t;pe tholeiites 
This type includes samples from the Big Hill Basalt in the Western Arm, 
Pilley's Island and Trito.'1 Island sections of the Western Arm Group. Samples 
CP-01-08, CP-22-14 and CP-33-19 included in this geochemical type were 
collected in the Catchers Pond section of the Western Arm Group. 
Type NA-2 rocks are divided into three subtypes Incompatible element 
ratios in Table 4.1 allow closer comparison between lavas included in the NA-2 
and basalts from non-subduction settings (Sun and McDonough, 1989). The 
ratios show an increase in the value of the Ti!V and La/Yb ratios and associated 
decrease in the Zr!Nb ratio between NA-2a and NA-2c subtypes (Table 4. 1 ). 
The TiN ratios of all samples in the type are higher than that of typical 
E-l\10RB, and the Zr!Y ratios of subtypes NA-2b through -2c are higher than 
that ofE-MORB. The La/Yb ratios ofthe type increase from ncar N-1\tORB in 
the NA-2a samples to higher than E-M ORB in the NA-:!c subtype. 
The division into subtypes reflects a gradual in~.:rease in the degree of 
LREE and MREE enrichment indicated on the primitive mantle (PI\1) 
nonnalized extended REE patterns (Fig. 4 12). REE profiles of average 
N-MORB and E-MORB are plotted on these diagrams for comparison. The 
general trend is from patterns of NA-2a (Fig. 4.12A) rocks, that are subparallel 
to N-MORB, to patterns with positive slope in the NA-2c (Fig. 4 I 2C) subtype 
samples. NA-2a samples (Fig. 4.12A) display a range of REE abundances and 
patterns that overlap with average E-MORB, except for Ce, La, Nb and Th, 
which are lower and rather similar to N-J\10RB. NA-2b samples (Fig 4 12B) 
have higher REE and trace elcr.1cnt concentrations than E-MORB for must 
elements, but in particular Zr, Ti, Y and MREE. 
One sample, CP-22-14, has not been matched with any of these 
subgroups. An extended REE diagram of the sample (Fig 4 12D) reveals a 
basic similarity to average E-MORB between La and Yh, but a relative 
depletion in Nb and Th. 
4.4.2.2 TR Type: Medium Nb/Th Transitional Tholeiites 
This type consists predominantly of samples from the Big II ill Basalt and the 
Skeleton Pond Formation. One sample, Cl-16-0 1, is a flow, which was collected in the 
area immediately south of the MacLean Fault (Halls Bay), apparently from within the 
section included in the Little Bay Basalt. The major geochemical characteristics of the 
TR-type rocks are an enrichment in Th and LREE relative to Nb and IIREE when 
compared to the NA-type counterparts. This relationship is particularly obvious on the 
(La!Yb)N-Nb/Th plot (Fig. 4.10), on which at given (La/Yb}N, rocks of the TR type 
have consistently lower Nb/Th values. n :s is also true with respect to samples defined 
as of arc affinity, which always have lower Nb/Th values than the TR-typc samples at 
the same (La!Yb )N ratio. Consideration of the degree of Th and LREE enrichment 
allows further division of the TR-type rocks into two subtypes, and recognition of three 
samples that are not clearly affiliated with any of these subtypes. 
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Incompatible element ratios are not notably different from those of the NA samples 
(Table 4 I), with exception of Nbffh, which is less than 8. 5. Ti!V ratios are typical of 
N- and E-MORB, whereas Ti/Zr, ZrN and Ti/Y are intenne~iate between those of 
E-MORB and OIB. The LREE and MREE abundances are slightly higher in the TR-Ia 
subtype than in the typical E-MORB (Fig. 4.138), and are somewhat transitiont'J 
towards that of OIB in the TR-1 b subtype (Fig. 4.13C). In general, samples of the 
TR-1 a and -I b subtypes display close similarity to rocks of non-arc affinity included in 
the NA-2b (fig. 4.128) and -2c subtypes, respectively (Fig. 4 .12C). 
Sample CJ- I 6-01 is similar to, and plots near on most diagrams, the NA-2a subtype 
samples. It has an incompatible element pattern subparallel to N-MORB (Fig. 4.13A), 
but slightly depleted in Yb, La, and Nb, and enriched in Th. Two samples, Cl-0 1-14 
an:i Cl-16-08a are clearly not a part of either subtype. Sample Cl-0 1-14 has LREE 
abundances similar to OIB (Fig. 4.130) but displays a distinct negative l\1J anomaly. 
Sample Cl-16-08a has a REE pattern very similar to Cl-0 1-14, but characterized by 
lower concentrations of REE (particularly LREE and HREE), Nb and Th. 
4 4.3 A-TYPE: VOLCANIC AND VOLCANICLASTIC R02KS WITH ARC 
AFfiNITIES 
Samples with an arc affinity produce scattered trend(s) on all the bivariate diagrams 
involving the fractionation index FeO•fMgO. Therefore, the arc suite was divided into 
types on the basis of trace element ratios (Table 4.3) and nonnalized multielement 
patterns. Volcanic and volcaniclastic rocks of arc affinity were grouped using the degree 
ofTh and La enrichment with respect to Nb: first based on Nb/Th ratio >I and La/Nb 
ratio <3; secondly, with 1\'bffh ratio <I and La!Nb ratio >7. Additional subtypes were 
recognized using the (La/Yb )N ratio as an indicator of original K content (see Fig. 4.10 
and Table 4.3). Average trace element aud REE ratios are presented in the Table 4.3, 
whilst paleotectonic affinities, as interpreted from tectonomagmatic discrimination 
diagrams, are summarized in Table 4.4. 
~ ' ' ' . 
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4 4 .3.1 ~1edium 1\'bffh Arc Rocks 
.J...J. 3. I. 1 A-1 type: honinitic rocks 
Type A-1 contains three samples collected from two outaup ar~as of the 
Lushs Bight Group that are in structural contact with the Western Arm Group 
southwest of Western Arm and on the west coast of Pilley's Island The fourth 
sample (CP-24-20) of was taken from the Catchers Pond sc~o:tion of the Western 
Arm Group. All samples are characterized by very low inwmpatiblc ch:mcnt 
abundances and have concave-upward normalized REE patterns Nurmalit.1.·d 
plots reveal enriched Th with respect to La, and distinctively positive Zr with 
respect to Nd and Sm (Fig. 4.14). Three of these samples are closely rdah.·d 
petrogenetically, and the fourth sample, CP-24-20, differs somewhat in having a 
less concave pattern and a positive Ti anomaly with respect to Gd and Dy 
Data for CP-24-20 were not included in the average for the type (Table 4 J) 
.J.-1.3.1.2 A-2type: low-medium-K .\ltite.'l 
The A-2 type of samples can be further subdivided on the basis of 
geochemical characteristics into five subtypes (Table 4.3). The division of type 
A-2 rocks into five subtypes reflects variations in the strength of the arc 
signature, a systematic increase in the slope of REE putterns and the degree of 
incompatible element enrichment as indicated on normalized multielement plots 
(Fig. 4. 15). The general trend is from strongly LREE depleted patterns of A-2a 
rocks (Fig. 4.15A) to almost flat, N-MORB parallel patterns of the A-2c (Fig 
4. 1 :5C) and slightly positive LREE slope in patterns of the A-2d (fig. 4.1 SD) 
and A-2e (Fig. 4.15E) subtypes. The A-2b extended REE patterns (Fig. 4.1 SB) 
are similar to and overlap with those of the previously recognized I AT (island 
arc tholeiites) type lavas of the Lushs Bight Group (Swinden et al, 19R9, Jenner 
et al., 1991; Kean et al, 1995). On average, decreasing Mg#, increasing Zr/Y, 
Ti/Y, Ti/V, and a decrease in Ti/Zr accompany the change from A-2a to A-2e 
subtypes (Table 4.3 ). This reflects the presence of a relatively well defined linear 
trend formed within (La/Yb)N-Nb/Th space by the A-2 type samples. 
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Samples cassigned to subtypes A-2a and A-2b represent mafic flows of the 
Little Bay Basalt Those of the A-2c geochemical subtype were collected 
within the Skeleton Pond Formation, and the Upper Basalt and the Breccia 
members of the Stag Formation. The A-2d subtype includes flows in the 
Skeleton Pond Formation in Western Arm and the PiL/s Island and Triton 
Island sections of the Western Arm Group. One sample in A-2d subtype, 
CP-24-1 0, was co!lected in the Catchers Pond section of the Western Ann 
Group. llowever the Catchers Pond section supplied all samples included in the 
A-2e subtype. 
Most of the Type A-2 rocks are defined as low-K tholeiites, with the 
exception of the A-2e subtype, which on the basis of the (La/Yb)N ratio (=2.3) 
is a medium-K suite, and the A-2e(t) and A-2f subtypes (see below). Two 
samples includl!d in the A-2a subtype are strongly LREE depleted and plot as 
tholeiitic on the Th-Zr-~'b (Wood, i 980), Nb/Yb-Th!Yb (Pearce, 1983) and 
most other diagrams (Table 4.4). The A-2b and -2c subtypes are defined as 
tholeiitic arc rocks, although the Ti/Zr, ZrN, Ti/Y and La/Yb ratios of the A-2c 
subtype resemble closely those of the average N-MORB (Sun and McDonough, 
i ')89) (see Table 4.3). The A-2d and A-2e subtypes, even though tholeiitic 
according to Miyashiro's and Mullen's classification, plot as transitional THICA 
and calc-alkalic, respectively, on the Th-Zr-:Nb plot of Wood (1980) (Fig.4 .8) 
and Nb!Yb-Th!Yb plot of Pearce (1983) (Fig.4.9). The A-2e subtype is highly 
heterogeneous in terms of incompatible element ratios, which reflects variable 
undcrahundance in Zr and Ti with respect to the REE's in some of the samples. 
For this reason, samples form a significant scatter on discrimination diagrams 
employing those elements. 
A-~c!(l) .mnt)pe: volcaniclastic rocks of arc affinity 
The A-2e(t) type consists of four samples of pyroxene- and 
hornblende-phyric tuffs collected from within Western Arm Group. These 
were analyzed because of their mineralogic and textural similarity to, and the 
possibility of matching them with, the "lamprophyric" dykes that intrude lavas 
of the Lushs Bight and Western Arm Groups. The tutl's are plottl·d on all 
diagrams using open triangles and show chemical charach:risti~s similar to 
samples included in the A-2e subtype (e.g. Figs. 4 6, 4 7, 4 8) Thl·ir 
incompatible element ratios (Table 4 .3) and multielement nom1alizrd patterns 
(Fig. 4.15F) also show marked similarity to those of the A-2e subtype (Table 
4.3; Fig. 4 .15E). 
A-2/ .\1Jht;pe: high-Mg. high-K, cak-<llkalic rocks 
This subtype contains three samples from the Western Arm Group one 
(CI-11-11) is from a massive mafic flow (or sill) from the thin wedge of rocks 
assigned to the Welsh Cove Formation on Triton Island, and two arc from clasts 
(bombs) iii the Western Head Formation tuffs on Pilley's Island and flails Bay 
Head. The A-2f subtype samples have a relatively high Mg# (62-52) and 
together with the A-2a and -2b are among the most primitive rocks in the A -2 
type. (La/Yb)N ratios range from 4.3 to 6.1 (av. 5.1; Table 4.3, Fig. 4 15G) 
and indicate that A-2f samples are medium- to high-K. 
-1.4.3. 1.3 A-31)pe: /ow-K tholeiites 
Two pillowed flows from the Stag Formation Breccia Member form the 
A-3 type. Although, their (La/Yb)N (=0.9) and Zr!Y (=2) ratios are within the 
range of the values of the A-2 type rocks, their Nbfl'h ( =0 7) and La!Nb ( · 7 I) 
ratios are very similar to those of the A-4 type. Their multielement patterns 
(Fig. 4.16) differ from those of the A-2 type samples (Fig. 4.15) in h<tving a 
much stronger arc geochemical signature (high Th, low Nb). The two A-3 
samples also display minor depletion in Zr relative to REE (Fig. 416) They arc 
classified as low-K tholeiites on most discrimination diagrams 
-1.-1.3. I.-I A--/type: low Nb17h, L/U":;E enriched rocks 
This low Nbffh type encompasses exclusively mafic volcanic rocks of the 
Cutwell Group. Rocks of type A-4 can be divided into two geochemical 
subtypes on the basis of their relative LREE enrichment as illustrated on 
normalized multielement plots (Fig. 4 .17), and ratios of more incompatible to 
less incompatible elements (e.g. ZrfY, Ti/Y, Ti/V; Table 4 .3). The A-4a basalts 
have a relatively high Mg# (60-53), Ni (19-92) and Cr (86-214) concentrations 
and arc the most primitive rocks of the A-4 type samples. Volcaruc rocks of the 
A-4 type are characterized by well developed negative Nb anomalies and LREE 
enrichment (Fig. 4.17). (La/Yb)N ratios range from 2.0 to 5.3 (Fig. 4.10) and 
indicate that A-4a and A-4b are medium- to high-K. 
4 ·L'LG[~_OCJ IEMISTR Y OF MAFIC SUB VOLCANIC ROCKS 
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Based on field relationships, mafic subvolcanic rocks (dykes, sills, minor plutons) 
and the volcanic units that they intrude were interpreted to be genetically related 
(Chapter 3 ). This interpretation is investigated here by comparing the geochemistry of 
the mafic intrusi v'C rocks with the volcanic rocks. 
The subvolcanic rocks of the western Notre Dame Bay area are predominantly 
non-alkalic based on their low Nb/Y ratios (Fig. 4.18A; Floyd and Winchester, 1976, 
I 977) Average trace element and REE ratios are presented in the Table 4.5, whilst 
paleotectonic affinities, as interpreted from tectonomagmatic discrimination diagrams, 
arc summarized in Table 4.6. Incompatible element ratios (Table 4.5), discrimination 
diagrams (Table 4.6; Figs. 4.19- 4.22) and normalized multielement plots permit 
subdivision of the mafic subvolcanic rocks into two major types, with one anomalous 
sample. This division is reflected as well on the (La/Yb)N-Nbffh plot (Fig. 4.23), on 
which groups of subvolcanic rocks can be compared to previously established 
geochemical groups of volcanic rocks. One sample which plots above the Nb/Th=8.5 
line is of non-arc MORB affinity. The second type includes rocks with arc and 
transitional arc affinities. A third type includes samples of predominantly arc affinity. 
Increasing (La/Yb)N further subdivides the samples into different K-suites. The 
acronyms SNA (subvolcanic non-arc rocks), STR (subvolcanic transitional rocks, and 
SA (subvolcanic arc rocks) are used to simplify discussion of the data. 
4 ~.3.J.....S..NA Type: Subvolcanic Non-Arc Rocks 
The SNA type contains only one sample (CP-92-53) of a dyke, that cuts rocks 
assigned to the Welsh Cove Formation in the Catchers Pond section of the Western 
Arm Group. This sample consistently plots in OFB or MORB fields on most diagrams, 
but also as WPB (Table 4.8), reflecting high concentrations ofTi, Zr, V and Nb in the 
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dyke. The NbfTh ratio= 9.5 of this sample clearly indicates its non-arc nature tFig 
4 .23). 
A multielement normalized pattern ofthis rock (Fig. 4 .24A) sh,)ws dnse 
resemblance to the NA-2c&d subtypes (fig. 4.12) and an overall similarity to typical 
E-MORB. Similar incompatible element ratios (Table 4.7 and 4 2) also indicatl' an 
affinity with NA-2d, although the slightly anomalous Ti concentration in SNA atll-,·ts 
ratios using this element (Table 4.7). 
4.4.4.2 STR Type: Subvolcanic Transitional ~ocks 
The STR type contains samples of sills and dykes intruding the Pigl'on I lead 
Formation on Long Island and the Skeleton Pond Formation The iJcntifying 
characteristics of the STR-type rocks are relatively low Nb with respect to lh ( Nb/Th 
<8.5) and LREE. Incompatible element ratios do not differ significantly from those of 
the TR s:tmples (Tables 4.2 and 4.5). Nb/Th-(La/Yb)N relationships were used to 
divide the STR-type rocks into two subtypes, STR-1 and STR-2 This division is also 
reflected in normalized multielement plots (Fig. 4.24C, D) 
Two samples, Cl-04-08 (Fig. 4.248) and CI-OI-14a {fig. 4.2·1E), arc not indudcd 
in these subgroups. Cl-04-08 sample is similar to rocks of the STR-1, but differs 
somewhat in the REE (lower (La/Yb )N ratio). Cl-0 1-14 is a strongly alkali~.: dyke (1-'ig 
4.18A), with (La/Yb)N= 14. Its multielement plot exhibits a slight Nb depletion and Th 
enrichment relative to the LREE. 
4.4.4.3 SA Type: Subvolcanic Arc Rocks 
Similarly to the division of mafic volcanic rocks of arc affinity, subvolcani~.: rm:ks 
of arc affinity presented in this section are also divided based upon the amplitude of the 
"arc signature". The Nb/Th and La/Nb ratios separate the rocks into two types. one 
with the Nb/Th ratio between 1 and 8.5, and the La/Nb ratio <4, and the second with 
the Nb/Th ratio <1 and the La/Nb ratio >5 (Table 4.7). Varidtions in the (l.a/Yh)N 
ratio permit both of types to be subdivided into several subtypes (Table 4 7) 
./..1.4.3.1 SA-l type: medium Nbl lh, low (La/Yh)N sub volcanic.: arc rock\ 
The SA-l subtype contains samples of two dykes cutting boninitic flows of 
the A-1 subtype in the Western Arm area. They are almost identical to the 
boninitic flows they cut, having very low incompatible element abundances and 
concave-upward normalized REE patterns (Fig. 4.14 and 4.25). Multielement 
normalized plots show strong enrichment in ·fh with respect to La and positive 
Zr anomali<:s with respect to Nd and Sm (Fig. 4.25 ) . 
.J . .J.-1.3. 1 SA-2 1)1Je: medium Nhl lh, low-to high-K subvolcanic arc rocks 
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The SA-2a subtype contains two samples from the northern shore of 
Pilley's Island. One, CI-01-0l, is from a dyke in the Indian Beach Complex, and 
the second, Cl-06-06a, is from the Pilley's Island gabbro stock, that intrudes the 
sheeted dykes. Both display slightly LREE depleted patterns with negative Nb 
anomalies (Fig. 4 26A), similar tc the A-2a and -2b type flows (Fig. 4.15) and 
to the low-Ti (LOTI) type flows and IAT dykes from the Lushs Bight Group 
identified by Swinden et al. ( 1989) and Jenner et al. ( 1991 ). In addition to these 
dykes, subtype SA-2a includes a gabbro clast, Cl-19-27, from the Stag 
Formation Breccia Member. It has a similar multielement pattern and very low 
element abundances like the A-2a subtype samples (Fig. 4.15). 
The SA-2b subtype consists of a dyke sample from the Indian Beach 
Complex on Pilley's Island, and of a sample (Cl-19-27a) from a diabase plug 
intruding the Stag Formation Breccia Member on Stag Island. Neither sample 
has an exact match within the volcanic rocks, but both are very similar to 
samples of the A-3 subtype (see Fig. 4.268 and 4.16), albeit with a somewhat 
weaker arc signature (higher Nbffh). SA-2b normalized patterns (Fig. 4.26B) 
display the characteristic negative Ti with respect to REE, not present in 
patterns of the A-3 type (Fig. 4.16), and lesser enrichment in LREE and Th than 
in the latter type. This and some differences in Zr and Y abundances in relation 
to the A-3 samples resulted in rather different element ratios (Tables 4.5, 4.3). 
Cl-LR-1 a is from a gabbro sill intruding the Stag Formation Breccia 
Member on League Rock, which has been isotopically dated (see Chapter 3). It 
is presented separately, because it does not correspond geochemically to any of 
subvolcanic groups. This sample is strongly depleted in incompatible elements 
with abundances near those of primitive mantle (Fig. 4.26C). 
Two dykes fonn the SA-:c subtype. These dykes intmde pillow la\'as 
(Big Hill Basalt on Balis Bay Head and Pill~·y's lsland) and one of th'-·m. 
Cl- I 6-02b, was dated (Chapter 3 ). The nomtalized incompatible dcm~·nt plots 
of rocks from this type show similarities with flows from the A-2d subtype (Fig. 
4 .1 SD and 4.260; Tables 4.3, 45). There is a minor dillcrem:e hctwe~·n the 
subtypes in Nb/Th and (La/Yb)N ratios due to the relatively lower La and Thin 
the SA-2c. 
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The SA-2d subtype encloses samples of dykes intrusi\'e predominantly 
into the Little Bay and Big Hill Basalt Formations Their Nhflh ( I 7) and 
La/Nb (3.5) ratios are within the range of the SA-2 type, but every other ratio 
differs significantly in value from other subtypes in this type. Samples in this 
subtype are characterized by relatively high Mg number (=68) similar to that uf 
the Lushs Bight Group boninites (subtype SA-l). Their high (La/Yh)N values 
(-I 0) and Th-La variation defines them as members of the high-K series, and 
they plot within the calc alkalic field on several discrimination diagrams (Table 
4 .6). Affinity to within plate volcanism is implied by Zr-Ti-Y and Zr-Nb-Y 
diagrams (Table 4 .6) Samples of this subtype form a well defined cluster 
within the continental arc field on the Zr-Zr/Y (Table 4 6) and Nb/Yb-Th/Yb 
diagrams of Pearce (1983) (Fig. 4.22). Primitive mantle-normalized patterns of 
the SA-2d subtype (Fig. 4 .26E) are characterized by depleted IIREE, higher 
Nb and significantly elevated LREE and Th. One of the samples in the 
subgroup, WB-1, has notably lower (La/Yb)N (6) than other samples in this 
subtype (av. (La!Yb)N=14), and it also has the lowest Mg# (59 versus av. 68) 
This sample, dated isotopically (see Chapter 3), appears to be transitional 
between the SA-2d subtype and the SA-3a subtype described below. 
4..1..1.3.2 SA-3 type, low Nb/1h, medium-to hiKh-K ~uhvolcamc em: rode\· 
This type of subvolcanic intrusive rock (Fig. 4.27) is comprised 
predominantly of samples from the Cutwell Group, but it includes, as well, 
dykes intruding pillow lavas of the Lushs Bight Group. All samples in this type 
display a very pronounced negative Nb anomaly and a considerable enrichment 
in LREE with respect to HREE (Fig. 4.27). On the basis of the (La!Yb)N ratio 
(Table 4 7; Fig 4 27) rocks of the SA-3 type are defined as belonging t(\ 
medium- to high-K su1tes. 
Most SA-3 samples overlap geochemically with the A-4 type (Fig. 4.17 
and 4 27), although some samples exhibit higher (La!Yb)N ratios and plot 
outsid·; the field defined by their volcanic counterparts. The SA-3 type is 
divided into five subtypes, and one anomalous sample (CI-19-20b/ 1), using 
incompatible element ratios (Table 4.7) and normalized multielement plots (Fig. 
4 27) The ZrN, Ti/V and (La!Yb)N ratios within the SA-2 type (Table 4.7) 
show a general increase from the SA-3a to the SA-3e subtype and the 
Cl-19-20b/ I. This trend is associated with a decrease in the value of the Ti/Zr 
ratio (Table 4.7). 
SA-Ja includes three samples of dykes intruding the Little Bay basalt, one 
dyke sample (CP-33-21 a) cutting the Big Hill Basalt in the Catchers Pond 
section, and one dyke (CI-19-20c) intruding the Stag Formation Breccia 
Member. The calc alkalic affinity of the SA-3a is suggested by most 
discrimination diagrams (Table 4.6) The (LaNb)N (3 .4) in these samples 
categorizes them as members of a medium-K suite. Dykes of the SA-3a 
subtype are associated spatially with dykes of the SA-2d and SA-2c subtypes, 
and although (La!Yb)N ratios differ between these subtypes (10, 3.4, and 1.7 
respectively), there is overlap in the patterns of the SA-3a and sample WB-1 of 
the SA-2d subtype (Fig. 4 .27A and 4 .26E, respectively). Unlike the SA-2d, the 
SA-JA feature pronounced negative anomalies in Zr relative to other 
incompatible elements (Fig. 4.27A). On the (La/Yb)N-Nbffh plot (Fig. 4.23), 
the SA-Ja subtype overlays with the A-4a subtype (Fig. 4.10) of volcanic rocks 
and their respective incompatible element ratios are reasonably close (tables 4.4 
and 4 7), although trace element ratios in the latter subtype are affected by the 
lack of or a much smaller Zr anomaly. 
The SA-Ja subtype o-verlaps on the (La!Yb)N-Nb/Th plot (Fig. 4.23) with 
samples of two other subgroups, the SA-Jb and SA-3c, all of which are from 
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the Cutwell Gr011p. Both these later subtypes are members of a medium-!..:. suite 
(Table 4. 7), but their affinities to a magma series are not dear. Thev have 
lower Mg# and higher incompatible element abundarKl'S than SA-Ja 
Normalized plots of all three subtypes are generally similar (Fig. 4 :!7) Samples 
of the SA-3b and -Jc subtypes plot within the oceanic arc fidd (ln the 
Nb!Yb-Th/Yb diagram (Fig. 4.22), but the average Zr!Y ratio ( 4) of the 
SA-3b subtype samples places them within the continental arc fidd on Zr-Zr/Y 
plot (Table 4.5, 4.6). 
The two samples making up the SA-3d subgroup, also of the Cutwl'll 
Group. have a higher (La!Yb)N ratio (6) than the SA-Jato -3c subtypes and arc 
part of a high-K suite. According to most discrimination diagrams these arc cak 
alkalic (Table 4.6). In terms of incompatible clement concentrations. the SA-3d 
samples an: similar to those of the SA-3c subgroup, but their nomlalizcd plots 
(Fig. 4.270) are marked by more negative Ti anomalies and little or no 
depletion in Zr. The Zr/Y ratio(= 5) and position on the Zr-Zr/Y plot implies 
formation within a continental arc (Table 4.5, 4.6). 
The SA-Je subtype contains two samples, with the CI-LIP-1 representing 
the Long Island Pluton. They are part of a high-K suite ((La/Yb)N 7 S) and on 
the Nb/Yb-Th/Yb diagram (Fig. 4 22) they plot on the boundary between 
calc-alkalic and shoshonitic rocks. The high Zr/Y ratio in the Zr-Zr/Y (Pearce, 
1983) (Table 4.6) plot implies that these rocks were formed in the continental 
arc environment, an affinity also suggested by the Nb/Yb-Th/Yb diagram 
(Pearce, 1983) (Fig. 4.22). 
4.4.5 GEOCHEMISTRY OF FELSIC VOLCANIC AND SlJBVO! .fANICJ{QCKS (I·') 
Silicic volcanic rocks are found in several areas of the western Notre Dame Bay 
area interstratified with mafic volcanic rocks of arc and transitional (arc/non-arc) 
affinities. A particularly large outcrop of felsic volcanic rocks is present in the Catchers 
Pond section of the Western Arm Group and felsic tuffs arc found in the ~tratotype 
section ofthe group, dissected by numerous diabase sills. There arc widespread 
occurrences of felsic tuffs in the vicinity of Springdale town, a narrow interval of felsic 
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tufT~ and flows along the Lobster Cove Fault on Triton Island, and lenses of silicic 
volcamc ro<.:ks throughout the Cutwcll Group on Long and Little Bay Islands. Several 
felsic post-kinematic dykes and plutons are plotted together with felsic volcanic and 
suhvolcanic rocks for comparison, but their geochemical characteristics are described in 
the end of the section 
4 J.5 I J)[.)qi_m_imHk>_rJ...Jl~twcen Felsic Volcanic/Subvolcanic Rocks 
A few attempts were made in the past to develop methods to geochemically 
"fingerprint" and discriminate between leucocratic rocks formed in various tectonic 
settings The Th-Zr-1\b diagram of Wood ( 1980) is the only one, that can be applied to 
both mafk and felsic volcanic rocks, and when applied to the set of felsic 
volcanic/subvolcanic rocks of the western Notre Dame Bay area, it implies a calc alkalic 
arc atllnity for all of the samples (Fig 4.28). The arc affinity is also indicated by the 
Y-Nb diagram of Pearce et al (1984) (Fig. 4.29) on which all samples of the set plot 
within the volcanic arc granites I syn- collision granites (VAG/syn-COLG) field . 
The (La/Yb )N-I'ob/Th plot was used in previous sections to separate rocks with 
vanous amplitudes of "arc signature" and with affinities to different K-suites. It can also 
be usefully applied to felsic volcanic and subvolcanic rocks of the western Notre Dame 
Bay area There arc two broad groups of samples present (Fig. 4 30). One type 
consists predominantly of the Welsh Cove Formation felsic tuffs and is characterized by 
lower (Lal'l b )N ratios (-I 6-45) and higher Nb/Th ratios ( -OJ-2. I), that classify the 
type as of medium-K suite. The other type is mostly the Cut well Group felsites 
characterized by higher (La!Yb)N (7.2-12.3) and lower Nb/Th (<I) ratios, thus 
hclonging to the high-K suite. Following these differences, felsic volcanic rocks of the 
western Notre Dame Bay area are divided into two types: the F-1 type, the low 
ahundance type, and the F-2, the high abundance type. Three samples, one of diorite 
from the Brighton Intrusive Complex and two of diorite from the Coopers 
CovdColchcstcr pluton, although ofhigh-K suite, do not conform to the latter type. 
The post-kinematic intrusive rocks (crosses) form yet another high-K type. 
.. - _l(l 
4.4.5.2 Ree Patterns And Their Aspects 
Most of the felsic rocks are characterized by concave-upward REE pattern~ (Fig 
43 I) reflecting apparent depletion in MREE with a minimum at Dy-Er The REE 
plots (Fig. 4.31) further support divisions made between two typcs of felsic volcani~· 
and subvolcanic (pre-kinematic) rocks. The F-1 type is characterized hy !latter 
concave-upward REE patterns, with less enrichment in LREE than the stet•per, more 
"spoon"-like patterns of the F-2 type. Most ofthe REE plots display minor negative Eu 
anomalies. The extended versions of REE plots (Fig. 4.32) generally have wdl~.h:fint.>d 
negative Ti anomalies 
.J.-1.5.2.1 F-1 l)pe: medium-Kfelsic ruck.\· 
The F-1 samples, collected predominantly from the Welsh Cove f\lnnation 
of the Western Arm Group, are with exception of one sample (JLB-CJ) from the 
Catchers Pond section. Sample JLB-9 is from the area northwest of Springdale 
The F-1 type is divided into three subtypes and one anomalous sample. Two 
high Nbffh rhyolites are combined in the F-la subtype, whereas the set of 
medium-K rhyolites is included in the F-1 b and -I c subtypes. 
The extended patterns of the F-1 a subtype arc characterized by almost flat 
HREE segments, and relatively enriched MREE and LREE with positive slope 
(FiJ. 4J2a). The pattern displayed by sample CP-20-07j is characterized hy a 
positive Zr anomaly, which combined with a negative Ti anomaly is typical of 
some trundhjemites (e.g . the Little Port Complex, Jenner ct al , I (J•J I). 
The samples included in the F-Ib and lc subtypes arc characterized hy 
slightly varying REE patterns (Fig. 4328, C), and difTercnt (La/Yb)N and 
Nbffh ratios Differences between the F-1 b and F-1 c type extended RLE 
patterns include elevated Zr and Y with respect to the REE and a more 
pronounced negative Ti anomaly in the former. Sample CP-OS-OS is somewhat 
similar in element abundances and an overall shape of the pattern to that hf the 
F-1 c subtype, except for a pronounced positive Zr anomaly. 
-1. -1. 5. 2. 2 F-2 type.· hi;:h-K felsic rocks 
All but two (CP-09-06 and Cl-11-09) samples of the F-2 type are felsic 
volcanic rocks (tuffs, flows and feeder dykes) from the Cutwell Group. 
CP-09-06 1s a tuff collected in the Catchers Pond section and CI-11-09 is 
from the Triton Island section of the Western Arm Group. Extended 
multielement patterns of felsites assigned to the F-2a subtype (Fig. 4.33A) are 
similar to those of the F-Ie, but are more enriched in LREE a.1d Th. All 
samples are characterized by strong negative Nb and Ti anomalies. 
Several other samples included in the f..2 type are not included within the 
F-2a subtype and are shown on separate diagrams. Two of them (CI-24-03/2, 
Cl- I 9- I I a) have extended REE patterns somewhat similar to those of the F-2a 
samples, but have higher (La/Yb)N values (Fig. 4.338, C). Three more 
samples, CC-90/2 and 3324 (the latter from Kean et al , 1995) of the Coopers 
Cove/Colchester Pluton, and CL-BR-7 ofthe Brighton intrusion, are included in 
the high-K type. Samples CC-90/2 and 3324 (Fig. 4.330) of the Coopers 
Cove/Colchester sill dioritic phase show overall similarity in its extended REE 
pattern to those of the F-2a subtype samples (Fig. 4.33A). Sample CI-BR-7 of 
the Brighton Complex dioritic phase differs considerably from other rocks of 
the high-K type. The CI-BR-7 falls into the alkalic basalt field on the 
Nb/Y-Zr/Ti02, diagram of Winchester and Floyd (1977) (Fig. 4.5) and is 
characterized by a relatively strong depletion in HREE, which makes the 
extended REE pattern (Fig. 4.33E) somewhat similar to those of post-kinematic 
high-K intrusive rocks (see below). 
-1. -1. 5. !. 3 Post-kinematic hi;:h-K intrusive rocks 
A third type of felsic rocks, the post-kinematic dykes and plutons, 
combines samples of two dykes and a minor pluton from Long Island and a 
sample of a larger intrusion on Little Bay Island, all intruding the Cutwell 
Group. All these rocks are classified as rhyodacites on the Zr/Ti02-Si02 
diagram (Winchester and Floyd, 1977) (Fig. 4.5), but on the NbN -Zr/Ti02 
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diagram (Winchester and rillyd, 1977) (Fig. 4 5) they straddle the hounda'"'' 
between andesites and dacites. 
All samples in the F-3 type are of arc affinity. Their position within the 
Th-Zr-Nb diagram ofWood (1980) indicates calc alkalic arc atlinity (Fig 4 ~~q 
Arc affinity is also suggested by the Y-Nb diagram (Pearce ct. al. 1984) (Fig 
4.29) on which these intrusive rocks plot within the VAG/syn-COLG (volcanic 
arc granites I syn - collision granites) field, and are characterized by low \' and 
Nb abundances. 
4-J~ 
On the (La/Yb)N-Nbffh diagram (Fig. 4 .30) all samples plot ncar the 
cluster formed by the F-2 type samples, but on average exhibit slightly higher 
(La/Yb)N ratios (-11.5-16.3). The F-3 type extended REE patterns (Fig. 4 .34) 
are relatively smooth and characterized by strongly depleted IIREE and 
relatively enriched LREE. 
4.5 Summary 
4.5.1 GEOCHEMICAL SUBDIVISION OF ROCKS IN TI IE WE.STER_N_NOTRE 
DAME BAY AREA 
The mafic and felsic volcanic and subvolcanic rocks of the western Notre Dame 
Bay area are geochemically heterogeneous, as reflected in a wide range of trace clement 
(e.g., Ti, Zr and V) abundances and ratios e.g ., Zr/Ti and TiN). Tectonomagmatic 
discrimination diagrams employing these elements allow an initial broad subdivision of 
the rocks into two types with contrasting tectonic affinities. The first includes samples 
that have Ti/V ratio between 20-50, and plot within OFB field on both Ti-V and Zr-Ti 
diagrams; these diagrams suggest a non-arc tectonic affinity for these rocks The second 
is characterized by Ti/V values of mainly <20; these diagrams indicate an island arc 
affinity for these rocks. 
The validity of the division into arc and non-arc types was tested using the more 
definitive arc geochemical signature, i.e. the Nb depletion with respect to Th and La 
The Th-Zr-Nb and Nb/Yb-Th/Yb diagrams (Wood, 1980; Pearce, 1983, respectively), 
both employing Nb/Th, were used for that purpose. Samples that had already revealed 
-- . . . \ . 
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an island arc affinity on the basis of the Ti-V -Zr variations, demonstrate a strong 
enrichment in Th relative to f';'b, and on both diagrams plot within the TH and CA arc 
field. However, on the Th-Zr-Nb diagram, nearly all samples of non-arc affinity display a 
slight shift away from the oceanic mantle array in the direction of the arc field, and a 
number of those apparently non-arc samples plot within the arc field on both this and the 
Th!Nb-Nb/Yb diagrams. This suggests the presence of a third type of rocks, with 
geochemical si5naturcs transitional between rocks from arc and non-arc settings. These 
transitional rocks are characterized by Ti!V and Ti/Zr ratios typical of ocean floor 
volcanic rocks, but lower Nb/Th ratios characteristic of rocks from arc environments. 
Variations in geochemical signatures of all three types are clearly displayed in 
Nbffh and (La/Yb )N space, where the (La/Yb )N ratio is an indicator of relative LREE 
enrichment and affinity with different K-suites, and the Nbffh ratio =8.5 representing the 
chondritic and primitive mantle Nbffh value (Sun and McDonough, 1989), provides a 
good discriminant between arc and non-arc lavas (Swinden et al., 1989; Jenner et al ., 
1991) The Nb/Th and (La/Yb )N d!agram, together with the abov~ described 
characteristics, indicates that the western Notre Dame Bay area volcanic rocks are 
divisible into three major types, herein termed NA, TR and A types, displaying diverse 
tectonic affinities 
4 S. 2 _ _NA-I._YP~ 
The NA type comprises non-arc volcanic rocks, i.e . those identified as having 
oceanic (OFB) affinity on most tectonic discrimination diagrams. They are predominantly 
sub-alkalic and the elevated ZrN (> 3) of most NA samples suggests a within plate 
atlinity. They are characterized by extended REE patterns similar to oceanic basalts 
(N-MORB to E-MORB range). NA type rocks are found within the Sugar Loaves, 
Skeleton Pond, Big Hill Basalt formations of the Western Ann Group and in the Stag 
Formation. 
The NA type rocks can be divided on the basis ofNb/Th and La/Yb ratios into two 
major sub-types of distinct magmatic affinity: 
- Type NA-1 consists of samples which have Nbffh and La/Nb ratios and 
extended REE patterns matching closely these of average E-MORB. 
4- .to 
- Type NA-2 has lower 1\.'bffh (>8 and <13) and higher La/Nh ratios. The 
NA-2 type is further divided into four subtypes, what reflects gradual increase 
Samples of this Type display substantial variation in the degree of LREE and 
MREE enrichment indicated on the primitive mantle-nom1alizcd extended REE 
patterns, from substantially LREE-depleted to moderately LREE-enrichcd and 
this forms the basis for a further 4-fold subdivision. The four Nt\-2 subtypes 
display geochemical characteristics ranging from those typical of N-MORB to 
E-MORB. 
4.5.3 . TR-TYPE 
The TR type is sub-alkalic and consists of rocks with geochemical characteristics 
transitional between rocks typical of non-arc and arc settings. They are characterized hy 
normalized extended REE pattems that show a weak to moderate enrichment in Th with 
respect to their non-arc counterparts. Effectively, this means they record the 
development of a slight negative 1\lb anomaly (arc signature) in rocks that otherwise have 
dominantly non-arc geochemical characteristics. This is consistent with the observation 
that on the diagrams applying Nb and Th, even non-arc rocks from the western Notre 
Dame Bay area are slightly shifted away from the mantle array, and suggests the 
potential for a continuum in mixing relationships TR type rocks are apparently 
interbedded with rocks of non-arc affinity and are, in general, found in the same 
lithostratigraphic units. The presence of this transitional type of rocks suggests that . in 
the setting in which these rocks erupted, arc and non-arc magma sources coexisted. 
The defining geochemical characteristic of the TR-typc rocks is an enrichment in 
Th and LREE relative to Nb and HREE when compared to the NA-type counterparts 
Application ofthe degree ofTh and LREE enrichment allows division of the TR-typc 
rocks into two subtypes, as well as recognition of three individual samples that arc not 
clearly affiliated with any of these subtypes. The LREE and MREE abundances arc 
slightly higher in the TR-1 a subtype than in the typical E-MORB, and are somewhat 
transitional towards that of 018 in the TR-1 b subtype. In general, samples of the TR-1 a 
and -1 b subtype display close similarity to rocks of non-arc affinity included in the 
NA-2b and -2c subtype. 
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The A-type volcanic rocks are sub alkalic and consist of samples with a 
clearly-defined island arc affinity. Rocks with island arc geochemical signatures typically 
display enriched LREE and Th with respect to Nb, giving them pronounced "negative" 
Nb anomalies- a widely accepted geochemical signature of the island-arc environment. 
Rocks with these characteristics are generally found within the Lushs Bight Group, the 
Stag Formation and the Skeleton Pond, Welsh Cove, and Western Head Formations of 
the Westerr. Arm Group. Rocks of arc affinity are also prevalent in the Cutwell Group. 
Volcanic and volcaniclastic rocks of arc affinity can be subdivided using the degree 
ofTh and La enrichment with respect to Nb. A first order division is into rocks with 
Nb/Th ratio> 1 and La/Nb ratio <3, and rocks with Nbffh ratio <I and La/Nb ratio >7. 
Further subdivision reflects affinity to different K-series using the (La/Yb)N ratio as an 
indicator. 
The A-I type, containing three samples collected within the Lushs Bight Group 
and one from the Catchers Pond section of the Western Arm Group, is ch~racterized by 
very low incompatible element abundances and has concave-upward normalized REE 
patterns, characterized by enriched Th with respect to La, and distinctively pc•;itive Zr 
with respect to Nd and Sm. These characteristics are characteristic ofboninites 
The A-2 type is highly heterogeneous and can subdivided into five subtypes 
reflecting variations in the strength of the arc signature and a systematic increase of the 
slope of REE patterns. The trend is from strongly LREE depleted patterns of subtype 
A-2a rocks to almost flat, N-MORB parallel patterns of subtype A-2c and slightly 
positive LREE slope in patterns of subtypes A-2d and A-2e. Decreasing Mg#, increasing 
Zr/Y, Ti/Y, Ti!V, and a decrease in Ti/Zr accompany the change from A-2a to A-2e 
subtypes. In general, all rocks of the A-2 type are defined as low-K tholeiites, with the 
exception of A-2e subtype, which is a medium-K suite. 
Samples assigned to subtypes A-2a and A-2b represent mafic flows of the Little 
Bay Basalt and those of subtype A-2c the Skeleton Pond Formation, and the Upper 
Basalt and the Breccia members of the Stag Formation. The A-2d subtype includes 
samples of volcanic flows from the Skeleton Pond Formation in the Western Arm, 
Pilley's Island and Triton Island sections of the Western Ann Group. One sample in 
subtype A-2d , CP-24-1 0, was collected in the Catchers Pond section of the Western 
Arm Group. The Catchers Pond section supplied all samples included in the A-:~e 
subtype. The A-2e(t) subtype consists of four samples of pyroxene- and 
homblende-phyric tuffs collected from within Western Ann Group. The tufls have 
incompatible element ratios and multielement nonnalized patterns that show marked 
similarity to those of the A-2e subtype. 
Subtype A-2f comprises high-Mg, high-K, calc-alkalic rods. With a relatively high 
Mg# (62-52), these are among the most primitive rocks in the A-2 type. Their (l.a/Yh)N 
ratios indicate that they are medium- to high-K. 
The A-3 type consists two pillowed flows from the Stag Formation Breccia 
Member. Their (La!Yb)N and ZrN ratios are within the range ofthe values of the A-2 
type rocks, but the Nbffh and La/Nb ratios (the strength of the arc signature) arc 
stronger, similar to those of the A-4 type. Their multielement patterns also display a 
stronger arc geochemical signature (high Th, low Nb). These rocks arc classified as 
low-K tholeiites. 
Type A-4 rocks are low Nbffh, LREE enriched rocks. They encompass exclusively 
mafic volcanic rocks of the Cut well Group. Rocks of the A-4 type can be divided into 
two subtypes on the basis of their relative LREE enrichment reflected on normalized 
multielement plots , and ratios of more incompatible elements. The A-4a basalts have a 
relatively high Mg# ( 60-53 ), Ni ( 19-92) and Cr (86-214) values and are the most 
primitive rocks of the A-4 type samples. Volcanic rocks of the A-4 1ype are 
characterized by well developed negative Nb anomalies and LREE enrichment, and their 
(La!Yb)N ratios indicate that A-4 are medium-K. 
4 .5.5. GEOCHEMISTRY OF MAFIC SUBVOLCANIC ROCKS 
The subvolcanic rocks of the Notre Dame Bay area are predominantly of 
non-alkalic character based on their low NbN ratios. On the (LaNb)N-Nbfrh plot, one 
sample plots above the f'..'bffh=8.5line and is of non-arc MORB affinity. The second 
type includes rocks with transitional arc/non-arc affinities (STR). A third type includes 
samples of predominantly arc affinity (SA). Increasing (LaNb)N further subdivides the 
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samples into different K-suites. All have analogues in the volcanic rocks of the western 
Notre Dame Bay area suggesting that the observed dykes are genetically related to the 
flows 
The STR type contains samples of sills and dykes intruding the Pigeon Head 
Formation on Long Island and the Skeleton Pond Formation. The identifying 
characteristics of the STR-type rocks are relat;vely low Nb with respect to Th (l'lbiTh 
<8 5) and LREE. Incompatible clement ratios are similar to those of the TR samples. 
Nb/Th-(La/Yb)N relationships were used to divide the STR-type rocks into two 
subtypes, STR-1 and STR-2. This division is also reflected in normalized multielemer.t 
plots In addition this type contains two samples, Cl-04-08 and Cl-0 l-14a. Cl-04-08 
sample is similar to rocks of the STR-1 but differs in the lower (La!Yb)N ratio. 
Cl-01-14 is a strongly alkalic dyke, with (La/Yb)N=l4. 
4_5.._t .l _ _S_A_;_S1Jbvolcanic Arc Rocks 
The division of sub volcanic rocks of arc affinity is also based upon the amplitude of 
the "arc l'ignature". The ~b/Th and Lalr-.'b ratios separate the rocks into two types, one 
with the Nb/Th ratio between I and 8.5, and the La!Nb ratio <4, and the second with 
the Nb/Th ratio <I and the La!Nb ratio >5. Variations in the (La!Yb)N ratio permit 
both types to be subdivided into several subtypes . 
-1.5.5./. I SA-l: medium Nh 1h, low (La Yb)N subvo/canic arc rocks 
The SA-l subtype contains samples of two dykes cutting boninitic flows of 
the A-I subtype in the Western Arm area, and almost identil:al to the boninitic 
llows they cut, having very low incompatible element abundances and 
concave-upward normalized REE patterns. Multielement normalized plots show 
strong enrichment in Th with respect to La and positive Zr anomalies with 
respect to Nd and Sm. 
-1. 5.5.1.~ .'iA-2: medium Nh:Th, medium to high (La;Yb)N suhvo/canic arc 
rocks 
The SA-2a subtype contains two samples from the Indian Head sheeted 
dyke complex, including one of gabbro stock, that intrudes the sheeted dykes. 
Both display slightly LREE depleted patterns with negative Nb anomalies, and 
are similar to the A-2a and -2b type flows and to the lA T !lows and dykes fwm 
the Lushs Bight Group (Swinden et al., 1989; Jenner et al., 1991) 
The SA-2b subtype C<'nsists of a dyke sample from the Indian llead 
sheeted dyke complex on Pilley's Island, and of a similar sample (Cl-19-27a) 
from a diabase plug intruding the Stag Formation Breccia Member. 
Sample Cl-LR-Ia of a gabbro sill intruding the Stag Formation Brc,,ia 
Member on League Rock, is strongly depleted in incompatible clements with 
abundances near those of primitive mantle. 
Anotht:r two dykes form the SA-2c subtype. These dykes intrude pillow 
lavas (Big Hill Basalt on Halls Bay Head and Pilley's Island) and one of them, 
Cl-1 6-02b, was dated. These dykes are characterized by relatively flat extended 
REE path.ms with noticeable negative Zr anomalies. 
The SA-2d subtype encloses samples of dykes intrusive predominantly 
into the Little Bay and Big Hill Basalt Formations Although their Nb!Th and 
La!Nb ratios are within the range of the SA-2 type, every other ratio differs 
significantly in value from other subtypes in this type. Samples in this subtype 
are characterized by relatively high Mg number ( 68) and high (La/Yb)N 
values ( -10) and Th-La variation defines them as members of the high-K series 
Affinity to within plate volcanism is implied by Zr-Ti-Y and Zr-Nb-Y diagra~s 
They also show affinity to the continental arc (Zr-ZrN and Nb/Yb-Th/Yb 
diagrams of Pearce, 1983 ). primitive mantle-normalized patterns of the SA-2d 
subtype are characterized by depleted IIREE, higher Nb and significantly 
elevated LREE and Th. 
4.5.6 FELSIC VOLCANIC AND SUBYOLCANIC ROCKS 
Silicic volcanic rocks are found in the Catchers Pond section of the Western Arm 
Group, in the vicinity of Springdale town, on Triton Island, and throughout the Culwell 
Group on Long and Little Bay Islands. Application of the Th-Zr-Nb diagram indicates a 
calc alkalic arc affinity for all of the samples consistent with relationships on the Y -Nb 
diagram. 
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The (La/Yb)N-t...brrh plot discriminates two broad groups of samples. One, termed 
Fl and consisting predominantly of the Welsh Cove Formation felsic tuffs, is 
characterized by lower (La!Yb)N ratios (-1 .6-4 .5) and higher Nbrfh ratios (-Q.3-2.1 ), 
that classify the type as of medium-K suite. The other, termed F2 consisting mostly of 
Cut well Group fclsites, is characterized by higher (La/Yb)N (7.2-12.3) and lower Nbrfh 
(<I) ratios, and apparently belongs to the high-K suite. Mmt of the felsic rocks are 
characterized by concave-upward REE patterns reflecting apparent depletion in MREE 
with a minimum at Dy-Er The former type is characterized by flatter concave-upward 
REE patterns, with less enrichment in LREE than the steeper patterns of the latter 
A third type of felsic rocks, F3, the post-kinematic dykes and plutons, combines 
samples of two dykes and a minor pluton from Long Island and a sample of a larger 
intrusion on Little Bay Island, all intruding the Cut well Group. All these rocks are of arc 
affinity. On t'le (La!Yb)N-Nb!Th diagram, they plot near the F-2 type samples, but on 
average exhibit slightly higher (La/Yb)N ratios (-11.5-16.3). The F-3 type extended 
REE patterns (Fig. 4.34) are relatively smooth and characterized by strongly depleted 
IIREE and relatively enriched LREE. 
Table 4.1. Selected trace and rare earth element ratios for the western Notre 
Dame Bay area volcanic rocks of non-arc and transitional arc/non-arc affinity. 
N-MORB, E-MORB and OIB data from Sun and McDonough (1989), except 
for Ti/V from Shervais (1982). 
TYPE - • 
SUB· 
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Table 4.2. Table summarizing tectono-magmatic affinity indicated from 
various discrimination diagrams for the mafic volcanic rocks of non-arc 
and transitional arc/non-arc affinity. 
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Table 4.3. Selected trace and rare earth element ratios for the Notre Dame 
Bay volcanic rocks of arc affinity. N-MORB, E-M ORB and OIB data from 
Sun and McDonough (1989), except for TiN from Shcrvais (11J~2). 
TYPE . A-1 A-2 A-3 A-4 
SUB- ~ ~'~ I ~ ~ ~ I ~ TYPE . 0 0 I ~ ~,~ £ ~ ~ :1 CD RATIO ' I . < w 0 z < I < < < < J < < < 
' 
I 
MG# - 65 soJse j48j43 145 ! · jse 48 58 40 - I -
! 
Ti/Zr 103 40 
"'! "' 1111 [105 1 851113:" 158 100 71 82 ! 61 
39 I 61 I 88 28 I 28 18 . 23 I ! Zr/Nb 32 20 103 88 51 g I e 
-- --
Zr/Y 3 5 1 ~ 2.5 ; ' .. 4 2 4.5 2 3 3 3 I e • 4 • • 
TI!Y 271 1Q5 195 215 254 1304 308 248 r343 284 281 21Q 273 , 593 
--
14 17 j 18 I 13 1,8 TIN 20- 3 g 15 115 1 13 15 20- . >50 50 I 50 ' 
• ! 4.1 I ! I Nb/Th 19 25 2.9 5 .4 i 5 2 .3 I 2.1 1.3 0.7 0 .6, 0.4 14 I 12 I I I l.a/Nb 1.1 1.7 1.8 2 2 1.7 2.5' 24 3.7 7.1 7.3, g 0 .8 I 08 
-- - ·-
··j·· 
--· I 
(L.a!Sm)N 0 .7 3.0 0.6 1.0 1.6 1.7 2.3 o.g 1.812.3 I 
. --. - - ---- -
- -·-
1.3- r2.3 12.1 
1.6 , 2.5 
(l.a/Yb)N 0 .6 1.9 0.3 0.4 0.8 5.1 o.g 2.3 4.1 1.Q 112 2 
w 
~ 
en 
::::> 
~ 
a.. 
~ 
A-1 
A-2a 
A-2b 
A-2c 
A -2d 
A-2e 
A-2e(t) 
A-2f 
A-3 
A-4a 
A-4b 
4- 49 
Tahlc 4.4. Table summarizing tectono-magmatic affinity indicated by 
various discrimination diagrams for the mafic volcanic rocks of arc affinity. 
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' th arc ' 
oc arc I iat i 11<1/ofb I lkt/ofb n-morb 
' 
' 
' 
t • - .. . - . - --
low-K low-/ i th/ca ' th/ca 1 oc/cont f iat/ l lk1/ofb 1 lk1/ofb · vab/ arc med-K morb arc ! oc arc 1 arc . . n-morb 
• t -· ; ·- . 
low-/ 
med-K ·oct coni j oc/cont , iat 1 11<1/cab/ . 1~/ofb/ i vab/ arc 1 caarc 1 
ca arc I ,cab/wpb ! n-m~rb med-K arc · ofb 
' 
; 
' low-/ low-/ /oc/cont ! oc/cont vab/ 
arc med-K med-K ca arc ca arc I arc cab lk1/ofb lk1/ofb n-morb 
; I ... . ' t . -·-. .. .. ..• -·-· - -
med-/ 
med-K coni cent iat/ lkt/cab/ wpb/cab vab/Wpl arc high-K caarc cab ofb Cl!ll!lrC arc 
low-K low-K oc iat/ 1 cab/lkt ' lkt Vl!lb/ arc caerc there oc arc cab n-morb I 
low-K low-K 
. oc 1 oc/cont cab/ I lkt/cab lkt/ofb vab/ arc ca arc 
; 
ca arc arc iat ; n-morb 
' 
; i ·-med-/ med-/ . oc ' ' vab/ 
arc Cl!l arc oc arc I iat/cab ! lkt/CI!Ib i cab/ofb high-K high-K ca arc n-morb 
Table 4 . .5 Selected trace and rare earth element ratios for the western Notre 
Dame Bay area subvolcanic rocks. N-MORB, E-MORB and OIB data from Sun 
and McDonough (1989), except for TiN from Shervais (1982). 
TYPE ~ SNA STR SA·1 SA·2 SA-3 ~ I SUB· al ---.......-- - . --a: :: 1 ~I~ I I TYPE · ~ 0 f;i ~ I 
.. ~ ~ m ~ ~ ~ ~ as .Q $ I) 'tJ I ~ ~ I ~ RATIO f= q N ~ N "' z {) d ~ ~ ~ ~ ~ ~ w ~
• "' 
(/) d 0 ~~~ 
MG# 
- 55 .To_~ .. _51 68 52 57 72 47168 64136 43 46 81 . . 
·- -·--
--··· · - - - -
TI/Zr 103 101 
71 ~r ~ 45 114 72 81 78 45 136 1 90 68 25 32 62 81 - - ·- " - - - - f- . 
Zr/Nb 32 22 211 1 16 24 16 21 1; 1 61 411 211 11~ 28 48 43 36 58 g I 8 
-- ---
-r-- -- --
2 2.5 r 3 \ 3.5 Zr/Y 3 el 4 4.5 6 15 5 7 2 .5 1 4 3 5 10 3 6 
-- - ---- ·---
TI/Y 271 567 220 243 184 · 207 !266 326 2901319 216 
"T'" 273 . 593 ·- .. ·-· -- ... - ·- ------ - - - . . TIN 20· 42 23 36 37 84 3 12 10 6 14 32 95 18 17 28 33 20· >50 50 50 
-
--· - - - - I 
Nb/Th 19 9.5 6.2 5.9 2.1 2.7 2.7 2.8 1.4 4.1 3.1 1.7 0 .8 0.6 0 .5 0.4 ! 0.8 14 12 
-- - --·· --
- -- - - -- -· -·--
La/Nb 1.1 1.8 1.8 -~-= 12.5 2~S.. 1.3 2.9 4.1 2.0 2.3 3 .5 6 .8 8.4 7.9 6.6 5.2 0.8 0.8 
--- - i - -- ---
(La/Sm)N 0 .7 1.7 0.9 1 .7~1 3.2 2.1 0.7 0.11 0.8 1.4 3 .1 2.1 2.2 2 .4 3.0 2.9 1.8 2.5 
·-· -;~ 4.;j ~;.6 -- 4.4 1 8.2 1..11 1122 (La/Yb)N 0.6 3.3 1.7 1.4 0.5 0.8 0.9 1.7 10 3.4 3.8 7.5 
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Table 4.6. Table summarizing tectono-magmatic affinity indicated by various 
discrimination diagrams for the mafic subvolcanic rocks of the non-arc, 
transitional, and arc affinities. 
CP-92-53 
CL-04-06 
STA-1 
STA-2 
CL-01-14a 
SA-1a 
SA-2a 
SA-2b 
CL-LA-1a 
SA-2c 
SA-2d 
SA-3a 
SA-3b 
SA-3c 
SA-3d 
SA-3e 
TECTONO-MAGMATIC DISCRIMINANTS 
i r r -- f - · - · . · -r . - · 1- ;-,>--
I 
I 8 ! 
I 
..0 i= > ' 
> I ..0 ~ I ~ . . N . ~ 3 I z IS I= 8 • § I I . ..0 . N . . ~ ' ~ z ~ ..0 ~ N I 
N ' 
-
z . . .., 
--
I 
I 
. 
i= ~ i ~ 
I ~ I I N z ~ I 
morb/ I n-morb : n-morb I n-morb I 4HT!Orb j wpb I otb I wpb jwpi/Vab oib I . 
morb 
t
l •morb •. ' .n-morb _j th_a_ rc th oc wpb lat otb ol'J/cab i n·morb -ce1~~nf -v;pbr- niorb-~ ·- ·- f-· ·· 
l s-morb ,, n-morb I c~ arc ·ca.~ corrcc nt mwporb~- _j_ooilt~ --· ~- ootbtb - ~--wp~bb_ rltwpwpt/VI/Vaabb 
j ~=~--~ high-~ I ~ arc 
i hlgh-K I . ., ca arc -.h cont otl wpb -outside outside outside 
arc I otb/cab !wpb/cab . wpa 
morb 
morb 
arc Jiow-K/ I I oc/cont ! I I I I low-K , n-morb ca arc 1 ca arc coni arc cab depl cab lwpt/wpa 
arc lllow-K r' ~ow-K j--~ ~~c il _~: I "'"' ~ ~kt/~1b lkt/01b ,:,-;_ 
arc low-K Jow-K th/ca th oc oc arc 1 cab lkt/otb o!b/cab vab/ 
arc 1 arc 1 n-morb 
low-K/ [ low-K/ · ~ ~r~ th oc- foe/coni • f- -~~ 1 olb/cab vabT-arc 
arc 
arc/ 
morb 
n-morb 
1 
n-morb arc arc p n-morb 
low-K low-/ c~ ~r~ ca Oc -~ .. icon! ~-t-~ab/lk1 -j~ Olb/cab vab/-
med·K arc arc n-morb 
1 med-/ I mad-/ ---1--ca oe- - · · 
J hlgh-K hlgh-K ca arc arc _ cont arc . cab cab cab/wpb I wpt/Vab 
arc 1 low-/ low-/ ca arc j ca oc oc arc cab? lkt/cab lk1 vab/ ! med_-K _ med-K arc n-morb 
arc/otb ! med-K med-K -;-.~~-rci-·c)c- coni arc cab/ia; ~~otb ~- vab/ 
arc n-morb 
---+ ·---- . --1--- --- -- -
arc I med-/ med-/ ca arc ca oc oc/cont morb? cab/lk1 olb/cab vab/ 
) hlgh-K hlgh-K . _ _ _ _a~:._r--!:rc __ ,__ _ _ . --:'·m~r~ 
arc i hlgh-K hlgh-K ca arc ? cont arc - cab cab · vab/wpt 
arc l ~=~--~ I med-K , - -c~-arc ::·;c r~ontarc ---~~- c~~:~! otlwpt 
Abbreviations: 
AFG (afg) • amphibolite facies gneiss 
AB • alkali basalt 
Alk-Bas • alkali basalt 
Bas • basanite 
Bsn ·basanite 
CA • calc alkalic 
CA·Arc • calc-alkalic island arc 
CAB • calc-alkalic basalt 
E-MORB • enriched mid-ocean ridge basalt 
FeO* ·total iron 
HFSE- high field strength elements 
HREE • heavy rare earth elements 
LFSE • low field strength elements 
LKT • low-K tholeiites 
LREE - light rare earth elements 
Mg# ·molecular proportion 100 MgO/(MgO+FeO) 
MREE -middle rare earth elements 
Neph • nephelinite 
Nph • nephelinite 
N-MORB • normal mid-ocean ridge basalt 
018 ·ocean island basalt 
OFB • ocean floor basalts 
ORG • ocean ridge granites 
PAWMS- Pacific authigenic weighted mean sediment 
PM • primitive mantle 
REE - rare earth elements 
SA- subvolcanic arc (rock) 
SHO • shoshonite 
SNA • subvolcanic non-arc (rock) 
STR - subvolcanic transitional (rock) 
Sub-AB- sub-alkalic basalt 
TH-Arc • tholeiitic arc 
TH -tholeiitic 
T -MORB - transitional mid-ocean ridge basalt 
Trach. trachyte 
TrAn • trechy-andesite 
TR -transitional (arc/non-arc rock) 
UCC (ucc) • upper continental crust 
VAG+Syn-COLG- volcanic arc+ t.yn-collision granites 
WPB -within-plate basalts 
WPG - within-plate granites 
Figure 4.1. Legend of abbreviations used in chapters on geochemistry (4 and 5). 
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Figure 4.2. A schematic outline of the step by step approach used to divide 
volcanic rocks of the western Notre Dame Bay area on the basis of geochemical 
data. Abbrevations: Trans. - transitional; med. - medium; 1 - low; m • medium. 
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Figure 4.3. Legend of symbols used in subsequent figures in this chapter. 
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Figure 4.4. The Nb/Y-Zr{fi02 (4.4 A) and Zr{fi02-Si02 (4.4 B) diagrams 
(Winchester and Floyd, 1977) highlighting the behavior of Si02 in mafic volcanic 
rocks of the western Notre Dame Bay area. Abbreviations: bas- basanite; trach-
nephelinite; TrAn- trachyandesite; sub-AB- subalkaline basalt; com/pant-
comendite/pantellerite; AB - alkaline basalt. 
1 
8 .1 
I= 
-N 
.01 
.001 
.01 
eo 
75 
70 
65 
?I 
:! 60 
s 
u.; 
55 
50 
45 
40 
.001 
0 
Com/Pant 
D Rhyolite 
0 D 
Rhyodacite/Dacite 0 
0 
Andesite/Basalt 
SubAikaline Basalt 
.1 
Nb/Y 
Rhyolite 0 xooo 00 
Rhyodacite/Daclte ~ 
*OD 
Andesite 
Sub-AS 
.01 .1 
Zr I Ti02 
4- 56 
Alk-Bas 
1 10 
B) 
Com/Pant 
D 
Trachyte 
Phonolite 
1 10 
Figure 4.5. The Nb/Y-Zr(fi02 (4.5 A) and Zr(fi02-Si02 (4.5 B) diagrams 
(Winchester and Floyd,l977) indicating divisions of felsic volcanic rocks of the 
western Notre Dame Bay area. See Figure 4.4 for definition of abbreviations. 
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Figure 4.6. The Ti/1000. V diagram of Shervais (1982) indicating two broad 
tectonic settings, in which the mafic volcanic rocks of the western Notre Dame 
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Bay area formed. Outlined within the MORB field are two types of samples, one of 
which (filled squares) is of non-arc (NA) affinity, whereas the other (filled 
diamonds) is later shown to be transitional (TR) between non-arc and arc rocks. 
OFB -ocean floor basalt; OIB - ocean island basalt. 
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Figure 4.7. The Zr-Ti diagram of Pearce and Cann(l973 ). The set of samples used 
in the Fig. 4.6 plots here within fields that indicate origin of the samples in 
two broad tectonic settings, arc and non-arc. Note that both the NA and TR 
samples plot mostly within the OFB fields; however some samples (open circles) 
previously displaying an arc affinity, plot in this diagram in the OFB field. 
OFB -ocean floor basalt; LKT- low-K tholeiite; CAB -calc-alkaline basalt. 
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Figure 4.8. The Th-Zr-Nb diagram (from Wood,l980) supporting the division of 
the Notre Dame Bay area rocks into arc and non-arc types. This diagram 
indicates also an existence within the samples of a third type (filled 
diamonds), that on previous diagrams demonstrated an affinity to a non-arc 
setting; whereas, on this diagram they plot within the arc field. 
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Figure 4.9. The ~b/Yb-Th!Yb diagram of Pearcc(1983) provides, as well, division 
of the samples into the arc and non-arc types confirming the transitional 
character of samples marked as filled diamonds. 
30 
10 
.1 
.1 
~ 
z 
.i:. 
~ 
z 
...... 
.I. 
4-61 
r r r r r ·r · 
N-MORB 
- , -, T fiT rr··-- - · r --,--,-- ;· rr·rT 
L . .l 
I l 
A-3 
• 
• 
low-K• + 
~ 
OIB 
• lJ PM Nb/Th=8.5 
• 
o ucc 
L..J afg 
~: 
. :--- -• high-K 
f mad-K - ""'! 
. . 
L L I. u l --- l-L--L .Lj _ _l_L L J____ _ _ L__l ___ -~-1 
1 1.5 5 10 
(l..a/Yb)N 
100 
Figure 4.10. The (La/Yb )N· Nb(fh diagram illustrating divisions made within the 
rocks of the Notre Dame Bay area. A major division is made into a high-Nb{fh 
non-arc(NA) and a lower Nb{fh arc( A) rocks along the line representing primitive 
mantle Nb{fh ratio = 8 . .5 (Sun and McDonough,1989). An additional division into 
medium- and low-Nb{fh rocks is also shown. The low-, medium· and high-K 
separations for the arc rocks are from Swinden, 1987. 
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Figure 4.11. Extended, primitive mantle normalized REE patterns of: A) the 
Cl-19-24 sample; and B) the NA-1 type samples. A pattern of typical E-MORB is 
shown for comparison. In this and following figures, N-MORB, E-MOHB and OJB 
values are from Sun and McDonough(1989). Normalizing values for primitive mantle 
from Sun and McDonough(1989). 
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Figure 4.12. Extended, primitive mantle-normalized multielement plots of the 
type ~A-2 samples: A) samples included in the NA-2a subtype; B) samples of the 
!'o:A-2b subtype; C) samples of the NA-2c subtype; D) sample CP-22-14. N-MORB and 
E-MORB arc sho\\.n for comparison. Note the significant enrichment in MREE with 
n:spw to E-~10RB in both the NA-2b and NA-2c subtypes. 
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Figure 4.13. Extended, primitive mantle -normalized multielement plots of the TR 
type rocks: A) sample Cl-16-01; B) the TR-1a subtype samples; C) the TR-lh 
subtype samples; and D) samples Cl-16-08a and Cl-01-14. 
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Figure 4.14. Multielement patterns for the Lushes Bight Group boninites of the 
A-1 type. 
Figure 4.15. Extended REE patterns for the A-2 type samples: A) stronglr 
depleted tholeiites of the A-2a subtype; B) depleted tholeiites of the A-2b 
su~typc; C) island arc tholeiites of the A-2c subtype, that in general are 
sianilar to samples of the A-2b subtype, but differ in having slightly higher Ti 
a~undanccs and Mg#. 
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Figure 4.15. (continued) D) tholeiites of the A-2d subtype; E) rocks of the 
A-2e subtype; F) the A-2e (t) subtype mafic tufts displaying close affinity to 
the A-2e subtype mafic flows; and G} samples of nigh-Mg, high-K rocks (two bombs 
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Figure 4.17. Primitive mantle normalized extended REE patterns for the A-4 type 
rocks: A) high-Mg basalts of the A-4a subtype; and B) samples of the A-4b 
subtype. 
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Figure 4.18. The Nb/Y-Zr!fi02 (4.18A) and Zr!fi02-Si02 (4.2MB) diagrams 
(Winchester and Floyd,l977) indicating the predominantly sub-alkalic charactc:r 
of mafic subvolcanic rocks of the western Notre Dame Bay area. The only sample 
showing a strong alkalic character is Cl-01-14a. 
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Figure 4.19. The Ti/1000- V diagram of Shervais(1982) indicating two tectonic 
settings, an arc and non-arc, in which the mafic subvolcanic rocks of the 
western Notre Dame Bay area formed. OFB - ocean floor basalt. 
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figure 4.23. The (LaNb)N-Nb!Th diagram illustrating divisions within the 
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different types of mafic volcanic rocks (Fig.4.10 and shaded outlines in this 
figure) of the western Notre Dame Bay area. A major division is made into arc 
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(A) and non-arc (NA) rocks along the line representing primitive mantle Nb{fh 
ratio = 8 . .5(Sun and McDonough,l989). Additional divisions into low,, medium, and 
high-K arc rocks are from Swinden, 1987. 
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Figure 4.24. Extended primitive mantle-normalized REE plots of the SNA and STH 
type samples: A) sample CP-92-53 ·a dyke from the Catchers Pond section of the 
Western Arm Group, included in the SNA type; B) sample CI-04-0Ka - stock or 
sill included in the STR type; C) samples combined in the STR-1 subtype; D) 
samples included in the STR-2 subtype; E) sample of an anomalous dyke CJ-01-14a, 
that intrudes similarly atypical pillowed flow Cl-01-14 (Fig. 4.13 D). 
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Figure 4.2.5. Multielement primitive mantle-normalized REE patterns of the SA-l 
type boninitic dykes. 
Figure 4.26. Extended primitive mantle-normalized REE plots of the SA-2 type: 
A) depleted tholeiites of the SA-2a subtype, sample Cl-19-27 is a gabbro clast 
from the Stag Formation, Breccia Member; B) tholeiites of the SA-2b subtype; 
C) sample Cl· LR-la of a gabbro intruding the Stag Formation, Breccia Member on 
League Rock; D) samples of the SA-2c subgroup; E) high-Mg dykes of the SA-2d 
subgroup. 
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Figure 4.27. Extended primitive mantle-normalized REE plots or the SA-3 type: 
A) high-Mg dykes of the SA-3a subtype; B) dykes of the SA-3b subtype; C) dykes 
of the SA-3c subtype; D) dykes of the SA-3d subtype; E) intrusive rocks ol the 
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Figure 4.28. The Th-Zr-Nb discrimination plot (Wood,1980) for felsic volcanic 
and subvolcanic rocks of the western Notre Dame Bay area. Note that all samples 
plot within the calc-alkalic field. 
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Figure 4.29. The Y-Nb diagram (Pearce et al., 1984) for felsic rocks of the 
western Notre Dame Bay area. This plot supports the affinity for all the studied 
felsic rocks with volcanic arc rocks. 
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Figure 4.30. The (La/Yb)N-Nb/Th plot for felsic rocks of the western Notre 
Dame Bay area. Felsic rocks are clearly divisible into two main types: low-K 
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and high-K. The low-K type consists of rocks from the Catchers Pond section of 
the Western Arm Group; whereas, the high-K type is dominated by the Cutwell 
Group felsic rocks. Two samples, CP-09-06 and CP-11-09, from the Welsh Cove 
Formation of the Western Arm Group plot with the high-K type samples. The post-
kinematic dykes (crosses), the Brighton Complex diorite (asterix) and the 
Coopers Cove/Colchester pluton samples (X) form the other high-K type samples. 
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Figure 4.31. Chondrite normalized (Sun, 1982) REB plots of A) the F-1; and 
F-2 types of felsic rocks. Samples CP-09-06 and Cl-11-09, of the Welsh Cove 
Formation, are characterized by REB patterns (C and D, respectively) broadly 
similar to that of the F-2 type samples. 
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Figure 4.32. Extended multielement plots of the F-1 type felsic volcanic and 
subvolcanic rocks: A) the F-la subtype felsic rocks; B) the F-lb subtype felsic 
rocks; C) the F-lc subtype felsic rocks; and D) sample CP-05-05. 
Figure 4.33. Extended multielement plots of the F-2 type felsic volcanic and 
subvolcanic rocks: A) the F-2a subtype felsic rocks; B) sample Cl-24-3/2; C) 
sample Cl-19-11a; D) sample CC-90/2 of the Coopers Cove diorite and sample 
3324 of the Colchester diorite (the 3324 from Kean et al., 1994 ); and E) 
sample Cl-BR-7 of the Brighton Complex diorite. 
Figure 4.34. Extended multielement plots of the F-3 type post-kinematic 
intrusive rocks. 
4-82 
5 - 1 
CIIAPTER 5: CIIEMOSTRATIGRAPHY OF THE VOLCANIC ROCKS AND 
TIIEIR DETAILED PALEOTECTONIC SETTING 
5.1 Introduction 
The geochemical data presented in Chapter 4 indicate that rocks in the western Notre 
Dame Bay area were formed in both arc and non-arc environments. Close examination of 
the geochemistry also indicated the presence of rocks with "mixed" geochemical signatures, 
i e. rocks transitional between arc and non-arc. Evidently, rocks in western Notre Dame 
Bay were formed in a range of tectonic settings. In order to interpret the tectonic settings 
from the geochemistry, it is first necessary to determine the relationship between 
lithostratigrapy and geochemical signatures in the area of study. Therefore, the first part of 
this chapter focuses on the correlation between geochemical rock types depicted in Chapter 
4, and lithostratigraphic units presented in Chapter 3. Following this, present day tectonic 
scltings arc reviewed to find the best analogues for the western Notre Dame Bay area. 
Comparison with modern tectonic settings forms the basis for interpreting the various 
allernative tectonic environments in which these rocks may have been formed. 
According to some of the tectonomagmatic discrimination diagrams used in Chapter 4, 
many of the NA-type rocks of the Western Arm Group are classified as "within plate", an 
atnnity that is difficult to reconcile with the arc setting inferred for the spatially and 
temporally associated A-type rocks. Additionally, there are indications from some tectono-
magmatic diagrams that some of the arc rocks may have been generated in a continental arc, 
rather than in an intra-oceanic setting. In order to resolve these issues, the comparison 
between geochemical aspects of the western Notre Dame Bay rocks and modem 
counterparts is followed by a allempt to explain specific characteristics of sources 
contributing to the western Notre Dame Bay lavas. 
5.2 Gt-ochemical Types Versus Lithostratigraphic Units 
Figures 5. I a and 5. l b present schematic stratigraphic columns of the Lushs Bight I 
Westen; Arm groups, and the Stag Formation I Cutwell Group, respectively. Geochemical 
types of volcanic rocks as identified in Chapter 4 are shown on the left side of the column; 
whereas, geochemical types of subvolcanic rocks are indicated on the right side of the 
column. The companion figure (Fig.5.2) shows extended REE plots ofvokanic rocks, tulls 
and co-magmatic intrusive rocks, bracketed by stratigraphic divisions. Several observations 
can be made from these figures with respect to systematic changes in geochemical signature 
with stratigraphic position. Perhaps most striking is the trend of gradually increasing LREE 
with respect to HREE with increasing stratigraphic height . A second obvious feature is the 
presence of a well-defined arc signature only at the bottom and the top of the column 
(Fig.5.2A), while the central part reveals interleaving of lavas with diverse 
tectono-magmatic signatures. Briefly, for each major lithostratigraphic unit, the othl·r 
important observations are: 
1) the Lushs Bight Group (Fig.S.2A) - is dominated by strongly depleted and 
refractory arc lavas of the A-1 (boninitic) and A-2 (island arc tholeiite) typl'S 
Compared to the other units studied here, it appears to be relatively 
homogeneous; however, the more detailed sampling of this group by Kean et at. 
( 1994) recognized somewhat more complexity with the island arc tholeiite suite; 
The A-1 type (boninites) is cut by dykes of the SA- I type (also boninitcs) The 
relationship between the A-1 and A-2 groups is undear; however, Kcan ct at. 
( 1994) report that an A-2 type dyke cuts an A-1 lava. 
2) the Culwell Group (Fig.5.2B)- is dominated by the LREE enriched arc lavas 
of the A-4 type and intruded by similar rocks of the SA-3 type. The STR-1 sills 
of the lower Pigeon llead Formation are the only type of igneous rock in this 
group that lacks a strongly developed negative Nb anomaly or island arc 
geochemical signature. The age of these sills has not been established by age 
dating; however, as documented in Chapter 3, they would appear to be of 
Ordovician age. The Pigeon Head Formation on Long Island is intruded by sills 
and dykes that are geochemically identical to those in the Welsh Cove 
Formation, Western Arm Group. 
3) the Western Arm Group (Fig.5.2A)- contains rocks that belong to NA, TR 
and A geochemical types. The NA and TR type flows interfinger in the Big II ill 
Basalt; whereas, in the overlying Welsh Cove Formation, felsic tuffs with arc 
affinity arc intruded by sills with transitional-type chemistry and dykes with 
non-arc type chemistry. 
4) the Stag Formation (Fig.5.2B)- this unit is comprised dominantly of arc and 
non-arc lavas, cut by dykes with similar chemistry. The arc lavas are flat to 
slightly LREE - depleted island arc tholeiites. The non-arc lavas are E-MORB 
type lavas, unlike any other non-arc volcanic rocks in the area. The arc dykes 
with LREE-enrichment that cut this formation are the 493-498 Ma high-Mg 
dykes (type SA-3A). 
(5) The distribution of geochemical types between the Lushs B1ght and Western 
Arm Groups (Fig.5.2A) additionally suggests that, at least across the defined 
contacts, there is no definitive change in the chemistry of pillow lavas. Lavas 
with geochemical features similar to Lushs Bight Group flows are found as 
high-up as the Skeleton Pond Formation in the Western Arm Group. In the 
Stag Formation, such lavas are found within the Breccia Member and Upper 
Basalt Member, separated by E-MORB-type flows. Note that the cross-cutting 
of the Stag Formation by the high-Mg dykes further strengthens the comparison 
with the Lushs Bight and lower Western Arm Group. Taken altogether the 
geochemical evolution of these groups supports a very gradational or 
transitional change between the tectonic setting in the Lushs Bight and Western 
Arm groups and suggests that the Stag Formation represents a combination of 
these two lithostratigraphic units. 
5.3 Comparison With Rocks From Modern Settings 
5-3 
Geochemical data presented in Chapter 4 and the preliminary screening of these using 
standard tectono-magmatic diagrams do not in themselves lead to a detailed interpretation 
of the tectonic environment(s) of the western Notre Dame Bay rocks. The "within p:ate" 
affinity of the N:\-type rocks implied by some ofthese diagrams, is at odds with the setting 
invoked for the A-type rocks. The continental arc affinity for some arc samples does not fit 
well with field observations either. In addition, the complex association of geochemical 
types within some lithostratigraphic units shows clearly that the chemostratigraphy in the 
5-4 
study area is not straightforward. The chemostratigraphic order prcscr.cu in the \\'cstl'rn 
Ann Group (i.e. from bottom to top, NA-, A-, NA- and TR-. and A-type fO(ks again) is 
not easily interpreted in terms of a simple tectonic history. Neither is the apparent 
coexistence of flows with diverse! non-arc and arc signatures within a single 
lithostratigraphic unit that does not show any evidence of major structural complkatilHl (i c 
Stag Formation or Cutwell Group). 
In order to allow for the possibility that lavas with particular gcochemi(al 
characteristics may have erupted in more than one tectonic cnvironnt~.•nt, the rocks of the 
western Notre Dame Bay area are briefly compared to the widest range of vokanic lavas 
with equivalent geochemical features, regardless of tectonic setting Tlu: order in whu.:h the 
rocks are described is the same as in Chapter 4, i.e. rocks of non-arc affinity and transitional 
rocks are discussed first, followed by those of arc affinity. 
5.3.1 TYPES NA AND TR- "NON-ARC" AN_D_TR.ANSITIONAL VOI .CANIC 
ROCKS 
Samples displaying a geochemical signature with non-arc and transitional allinities 
are geochemically similar to a wide range of volcanic rocks erupted at mid-ocean riJges 
(e.g. Schilling et al, 1983; Jenner and Hertogen. 1986), rills and aseismic ridgl~S 
associated with mantle piumes ( e g . I-lumphris et al, 1985 ), hot spots/ocean islands and 
in some marginal hasins (e.g. Jenner et at., 1987; llawkins et al, 1990) 
5.3.1.1 The NA-1 Type 
The NA-1 E-MORB type tholeiites are characterized by chcmicai features similar 
to those of volcanic rocks erupted from the "anomalous" ridge segments at numerous 
locations along the Mid-Atlantic Ridge (MAR) (e.g . Schilling ct at, I C)X1, llumphris ct 
al, 1985). In particular the NA-1 samples closely resemble lavas from the MAR 
segment between 44° and 47"N, both in terms of major clement chemistry and REE 
patterns (Fig.5 .3A). 
Lavas akin to E-MORB have also been identified in many back-arc basins For 
example, sills and lava flows cored at ODP sites 794 and 797 in the Japan Basin (Allan 
and Gorton, 1992), are very similar to the NA-1 samples in terms of REE patterns and 
other geochemical characteristics (Fig.5.3B). The Japan Sea lavas display only a minor 
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positive Th inflection reflecting perhaps their poorly developed, subduction-related 
signature ( Kaneoka, 1990; Allan and Gorton, 1992; Pouclet and Bellon, 1992) REE 
patterns of the NA-1 samples also closely resemble samples dredged from spreading 
axes of the Scotia Sea Rise (IIawkesworth et al., 1977; Saunders and Tamey, 1979), 
Mariana Trough (e.g. Hawkins and Melchior, 1985; Sinton and Fryer, 1987; Hawkins 
et at, 1990; Stern et al., 1990), and Ogasawara Trough (Ikeda and Yuasa, 1989; Fryer 
ct al , 1990; llochstaedter et at., 1990a,b ). The Scotia Sea Rise lavas differ, however, 
from the NA-1 flows in having significantly higher La/Nb ratios =1.0-2.2, probably 
indicating the presence of a negative Nb anomaly. Many ofthe Mariana and Ogasawara 
Trough samples show a pronounced Nb depletion associated with LFSE and LREE 
enrichment (Fig. 5 .3C), both interpreted to result from addition of a subduction or arc 
component to the otherwise MORB-like source (Hawkins and Melchior, 1985; 
Hawkins et al., 1990; Hochstaedter et at, 1990b ). 
The NA-1 samples display considerable similarity in incompatible element ratios 
and REE patterns to "intra-plate oceanic" or "hot-spot"-like flows of Esmeralda Bank, 
a suhmarine volcano on the edge of the Mariana Arc and Mariana Trough (Stem and 
Bibee, 1984). The NA-1 rocks are, as well, comparable to tholeiites ofMauna Loa 
(Fig.5.3D). an ocean island volcano (Basaltic Volcanism Study Project, 1981). 
'i 3 .L~ NA-2 And TR-Type Rocks 
The NA-2 type flows have particularly good analogues amongst flows erupted 
from "anomalous" segments of ridges associated presently and in the past with mantle 
plumes/hot spots. 
5.3.1.::. / NA-2a 
A close match for the NA-2a subgroup rocks and their TR kin, Cl-16-01 , is 
found Jmong samples dredged from the MAR segment between 47° and 52"N 
lFig5.4A). a plume segment located south of the Charlie-Gibbs Fracture Zone 
(Schilling ct at. 1983) Another good analogue for the NA-2a flows are lavas 
from the southern segment of MAR between 32°S and 46°S (Fig.5.4B), an area 
under the intlucnce of the Tristan da Cunha mantle plume (Humphris et al., 
19SS). The NA-2a samples have FeO*/MgO ratios slightly higher than MAR 
rocks (1.5-1.7 vs. 0 .9- 1.5, respectively) and exhibit slightly cl~\at"·J \'and Zrf\' 
ratios, as well as somewhat lower P~O, and Snv'Nd ratios with rcsp~ct to thl)Sl' 
from the MAR. 
Two localities associated with mantle plumes on the Pa~itk floor pn)\'idc 
more analogues for the NA-:!a lavas, the spreading center locall'd ncar the 
Galapagos hot-spot (Fig.5.4C) (Schilling et al, 1982) and the Tamayt) Fracture 
Zone (Fig.5.4D)- transform fault displacing the East Pacific Rise (EPR) ncar the 
mouth of Gulf of California (Saunders et al, 1982, Bender ct al, I 9S.t) Both 
have erupted lavas with REE patterns and chemical characteristics similar to 
those of the NA-2a type rocks, although minor diOcrcnccs hctween tlll'sc Wl'rc 
noted. The NA-2a rocks are characterized by slightly higher Alp, content (at 
given MgO), and partly lower Feo• , Ti and Zr abundances. 
Extended REE patterns and most other chemical aspects of the NA-2a 
samples closely resemble the lower sill unit from ODP hole #794 in the Yamato 
Basin, Sea of Japan (Fig.5.4E) (Allan and Gorton, 1992; Poudct and Bellon. 
1992). The Japan Sea is a marginal basin formed by crustal thinning and rifling 
of a continental volcanic arc (proto-Japan arc) in the mid-Tertiary (Tamaki ct 
al., 1990; Tamaki et al., 1992), and the Yamato Basin in the southern part of 
the Sea is founded on extended continental crust. Genesis of the Yamato Basin 
tholeiites, classified as back-arc basin basalts (Pouclct and Bellon, 1992). is 
attributed to contributions from two mantle sources: a) depleted mantle 
(depleted N-MORB source); and b) enriched mantle (OIB-type source) 
Isotopic and geochemical data reveal only a minor addition of crustal ( Kancoka. 
1990) or subduction (Allan and Gorton, 1992; Pouclet and Bellon, I 1)1J2) 
component to the resulting magmas, reflected in a slight Th inflel:lion on 
extended primitive mantle-normalized REE plots (Fig 5.4E) 
There are few reported lavas in modern intraoceanic back-arc basins similar 
to the NA-2a flows. Although, many lavas erupted at spreading centres in the 
Mariana-lzu and Tonga back-arc basins have REE patterns very similar to the 
NA-2a (Fig.5.4F), they also exhibit distinctive differences in terms of their 
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maJor and trace element chemistry, including weB-defined negative Nb 
anomalies, enrichment in Th. the relatively low HFSE - features that are 
characteristic of island arc tholeiites rather, than MORB (Jenner et al., 1987; 
Jlochstaedtcr et al., 1990b; Vallier et al., 1991). 
5.3.1.2.2 NA-2h 
The NA-2b rocks also have adequate analogues at present day spreading 
centres Ywo such centres have erupted lavas particularly similar to the NA-2b 
samples, the spreading ccntl~r of the Galapagos Platform (Fig.S .SA) that is 
associated with a mantle plume (Schilling et al., 1982), and the spreading ridge 
in the Guaymas Basin (Fig.S.SB), Gulf of California (Saunders et a!., 1982; 
Sawlan, 1991 ), although the NA-2b samples are somewhat more fractionated 
than their modem equivalents. Authors working on i.hese regions have 
provided various explanations for the relatively high La/Yb ratios in the lavas. 
Schilling et al. ( 1982) concluded that the Galapagos hotspot is enriched in Hp 
and LFSE, and that the enrichment in volatiles would lower the melting point of 
the mantle and broaden the depth range of partial melting, resulting in tapping 
of a variably metasomatized upper mantle. The mantle underlying the Guaymas 
Basin and the central part of the Gulf of California is also thought to be 
m<.·tasomatizcd and contain a minor sub-continental (calc-alkalic) component 
inherited from prolonged arc volcanism in that region (Saunders et al. , 1982; 
Sawlan, 1991) This has resulted in the eruption of transitional rift tholeiites 
with La!Yb and Zr/Ti ratios, and contents of low field strength elements 
(e.g Ba, Sr) that are higher than, for example, those from the mouth of the Gulf 
of California or East Pacific Rise, where there is no history of arc volcanism. 
5.3. /.1.3 NA-1c 
Volcanic rocks with REE patterns and trace element chemistry similar to the 
NA-:!c subtype have been found among basalts erupted from spreading centrt:s 
in the Yamato Basin (Fig.5.5C), Sea of Japan, and in Hawaii (Fig.5.5D). This 
type of rock is thought to have a major input from an asthenospheric source 
(Nohda et al., 1988: Tatsumi et al., 1989; Basaltic Volcanism Study Project, 
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1981 ). A group of sills enriched in incompatible elements from Yamato Basin 
seems to be a particularly good match for the NA-:c samples on the hasis ofth~ 
shape of extended REE patterns (Fig.S.SC) and trace element ratios. although 
the NA-2c samples are more fractionated than their Yamato equivalents and 
possess somewhat higher abundances of llFSE. These sills, cored in ODP hllles 
#794 and #797, intrude sediments on both sides of the Yamato spreading center 
(Yamato Basin) (Allan and Gorton, 1992; Pouclet and Bellon, 199:!), and 
although found to be broadly similar to rocks from oth\.!r marginal basins (Allan 
and Gorton, 1992), are linked by Pouclet and Bellon ( 1992) to "continental 
initial rifting". 
The Hawaii samples from Mauna Loa (Basaltic Volcanism Study Prokct. 
1981 ), which display extended REE plots broadly similar to those of the NA-2c 
samples (Fig.S.SD), are considered to be typical ocean island thukiitc:s 
generated during the main shield-building stage (e.g. Clague, 19~7), and to 
represent uncontaminated partial melts of the plume source (e.g . Wilson, 1 9~9) 
The NA-2c samples have similar trace element ratios to these llawaii analogues, 
but higher concentrations ofCr and Nb, and lower concentrations of the IIRI ·: E 
Lavas with some NA-2c type chemical signature!. arc found in settings other 
than oceanic spreading centres. For example, Palaeocene volcanic plateau lavas 
of Skye, part of the British Tertiary Igneous Province (Thompson and 
Morrison, 1988) formed during the opening of the North Atlantic Ocean, reveal 
similar chemical characteristics to the NA-2c samples (Fig.S.SE). Skye magmas 
are interpreted to have been derived from an a!.thcnosphcri' source, and were 
variably contaminated by overlying lithosphere during ascent (e.g . Thirlwall and 
Jones, 1983; Thompson and Morrison, 1988). REE patterns and lrr.cc clement 
ratios of the NA-2c samples overlap with the least-contaminated Skye lavas, hut 
they have somewhat higher HREE abundances and lower Nb than comparable 
lavas from Skye. 
~ - I) 
The TR-1 t~·pe volcanic rocks have REE pattt:rns that are almost iJ~..·nti"·al to ttwir 
non-arc counterpans (:l\iA-2b and NA-~c types) . For most aspects ofth~ TR-typl' 
samples, as was the case for the NA-typc rocks, the best gcod1emical anall'glll'S arc 
basalts erupted in riil environments, both intraoceanic such as Galapagns (Schilling ct 
al., 1982), and intracontinental such as the Guaymas Basin (Saunders l't a! , Jll~C) 
However. the TR-type samples typically exhibit more pronounced negative Nh a~d 
positive Th anomalies compared to NA-type rocks, and this appears to prcdlllk an 
origin at intraoceanic spreading ridges or ocean islands. Marginal basin ~..·m iwnn11..·nts 
are considered to be the most likely setting of their formation. 
5.3.1.2.-1 1R-la 
The closest analogues from modern back-arc basins for the TR-1 a samples, 
in terms of extended REE patterns, Sm!Nd ratios and Nb abundances, arc found 
in the Ogasawara Trough (Fig.5 .6A), a nascent back-arc behind thl~ 
lzu-Ogasawara arc (Ikeda and Yuasa, 1989; llochstacdtcr et al, I 99Ua&h). 
The Ogasawara Trough rocks are characterized by REE patterns that show 
affinity to E-MORB, but their relatively low Ti/V, Nb, Ti and /.r arc 
characteristic of island arc tholeiites. The Izu-Ogasawara back-arc lavas arc 
thought to result from variable mixing of E-typc MORB, which may he 
generated at rift initiation, and depleted IAT magmas (Ikeda and Yuasa, 19W>. 
Hochstaedter et al., 1990a,b ) . One of the simplistic scenarios for mixing is 
envisaged by Ikeda and Yuasa (1989) : (I) the depleted IAT magma, that 
supplies the active arc, is derived from depleted mantle and slab-derived 
components; (2) the rising mantle diapir brings about back-arc extension, 
induces melting and formation of theE-type MORB melt, and obstructs upward 
penetration of the IAT magma; (3) both depleted IAT and E-MORB magmas 
mix prior to eruption. 
Lavas erupted on the Valu Fa spreading ridge (Lau Basin) arc somewhat 
similar to the TR-1 a samples and lzu-Ogasawara back-arc lavas, hut less 
LREE-enriched. They exhibit distinctive differences with respect to MOKB in 
their major and trace element chemistry, including well-defined negative t\b 
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anomalies and enrichment in Th. These characteristics of the Valu Fa lavas 
have been explained by mixing of depleted mantle with either a small ~mount of 
sediment and fluid derived from subducted slab or with older arc lithosphere 
(Jenner et al, 1987; Vallier et al, 1991). Some workers have described a 
similar Nb anomaly in the Mariana Trough lavas (Fig.5.6B). Hawkins et al. 
(I 990) proposed that these lavas represent variable mixing of a Mariana 
island-arc source mantle with a MORB-source mantle whereas Sinton and Fryer 
(I 985) suggested metasomatism of th" back-arc mantle source by partial melts 
of altered crust and/or subducted sediments, and by fluid transport. 
The TR-1 b flows are strikingly similar in their extended REE patterns and 
other geochemical characteristics, although they exhibit somewhat lower Ti and 
V contents, to sills from ODP hole #797 on the floor of the Yamato Basin 
(Fig.S.6C). The TR-lb subtype flows are also comparable in terms of their 
multi-clement plots and many ratios to lavas associated with mantle plumes and 
contaminated by continental crust such as Skye (Fig.5.6D) (Thompson and 
Morrison, 1988) and Deccan (Fig.5.6F) (Mahoney, 1988 ~ Lightfoot et al., 
1990). The only evidently alkalic sample in the TR group, Cl-0 1-14, is 
markedly similar in its extended REE pattern to the international standard 
BCR-1 (Fig. 5. 6F), representing the Columbia River flood basalts. 
In summary, the NA-type lavas show a strong affinity to MOR basalts, and 
specifically to those erupted from "anomalous" segments of spreading ridges. Many of 
these rocks also display a close similarity to the products of within plate volcanism. 
llowever, their TR counterparts have better analogues in flows from back-arc basins, 
particularly those in ?.n incipient or immature stage of evolution (e.g. Ogasawara 
Trough, Mariana Trough, Lau Basin), as well as in flows from young and more mature 
marginal basins (e.g . Gulf of California and Japan Sea, respectively). The TR-type 
samples also show a close geochemical similarity to magmas associated with mantle 
plumes that underwent crustal contamination during ascent, such as those from Deccan 
and Skye. 
5.3. 1.3 Type A- Arc Volcanic And Sub\·olcanic Rocks 
5.3.1.3.1 A-1 
The A-1 type rocks reveal REE patterns that are typical of ooninitl'S. 
~ - ll 
Boninites are unusual high-Mg rocks, usually of Tertiat)' a~e and found in 
several western Pacific island areas/islands such as the Bonin Islands, Papua 
New Guinea, New Caledonia, the Mariana Trench, the Tonga ridge (c g. 
Kuroda et al., 1978; Jenner, 1981; Hickey and Frey, 198:.!; Bloomer and 
Hawkins, 1987; Falloon and Crawford, 1991; Murton et al., 1992, Pearce et al . 
i 992). Boninites are thought to be associated exclusively with intraoc<.•anic arc 
settings and their genesis has generally considered been linked to the onset of 
subduction (e.g. Hickey and Frey, 1982; Beccaluva and Scrri, 1987; Bloomer 
and Hawkins, 1987; Pearce et al ., 1992). However, more recent studies 
emphasize the fact that magmas with boninitic affinities have been found at 
various stages of arc evolution (e.g. the lzu-Bonin forearc; Murton ct al.. 
1992), and rocks with some geochemical features of boninites have hecn 
recovered from actively spreading back-arc basins (e g. the Lau Basin. Falloon 
et al., 1992). In tenns of geochemical characteristics, the best analogues to the 
A-1 samples are boninites from the type locality, in the Bonin Islands (Fig 5.7 A) 
(e.g . Hickey and Frey, 1982; Murton et al., 1992; Pearce et al ., 1992), which 
have characteristic features such as very low abundances ofMREE, IIREE, and 
most HFSE, and a positive Zr anomaly. The enrichment in Th, LREE and Zr 
with re''p<!Ct to other REE and HJ=SE is widely interrretcd to reflect the 
addition of a subduction-related component to a very refractory source region 
The somewhat peculiar enrichment in Zr and its fractionaticm from other III·SE. 
Nd and Sm, is not seen in other arc-related rocks. It has recently been 
suggested that the concave-upward shape of the boninitc REE patte~n reflects 
the role of amphibole during fractionation (Murton et al ., 1992; Pearce ct al, 
1992). 
5.3. 1.3.2 A-2a 
It is particularly difficult to find good modern analogues for the strongly 
depleted samples in the A-2a subtype. This may reflect the fact that strongly 
depleted volcanic rocks are commonly associated with the early stages of arc 
evolution, the record of which is generally buried in the volcanic pile or 
incorporated into arc crust (e.g. Stem et al., 1989). Nevertheless, a few 
occurrences of such rocks have been reported from a number of localities. 
Rare earth element profiles of the A-2a samples show close similarities with two 
strongly depleted rocks from the East Halmahera Ophiolite (Eastern Indonesia) 
(Fig. S. 7B) described by Ballantyne ( 1991) and referred to as "boninites". 
Although not boninites sensu stricto, they do reveal some similarities to low-Ca 
boniPites of Crawford et a! . (1989). The A-2a subtype rocks display some 
resemblance to REE profiles of boninites from DSDP site 458 (Hickey and 
Frey, 1982), but differ in most ofthe HFSE ratios. They are similar to strongly 
depleted arc tholeiites recovered from the trench wall at the intersection 
between the Mariana and Yap trenches (Crawford eta!., 1986). 
5.3.1.3.2 A-2h 
Similarly, very few modern volcanic edifices have yielded lavas matching 
those of the A-2b samples One area is from the Kermadec island arc, where 
REE patterns of some lavas are similar to the A-2b samples (Fig.5.7C) (Ewart 
and llawkesworth, 1987), although the Kermadec samples display relatively 
pronounceJ LREE enrichment with respect to the A-2b. A variably depleted 
I\10RB-Iike source in the mantle wedge of the Kermadec islands was postulated 
by Ewart and Hawkesworth ( 1987). 
5.3./.3.2 A-2c 
Flows gcochcmically similar to the A-2c subgroup samples are rarely found 
in modern island arcs, but similar rocks do occur in the Mariana (Fig.5.7D) 
(Bloomer and al., 1989; Lin et al., 1989) and Tonga (Fig.5.7E) (Ewart and 
llawkesworth, 1987; Falloon et al., 1987) island arcs. Two of the Tonga 
samples were dredged from the trench wall, and the Mariana samples are from 
the older, sout hem part of the arc. In both arcs, this type of flow is interpreted 
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to be associated with an eariy stage of arc evolution Th~rc is a rdati\ dy good 
overlap of REE patterns between the A-2c samples and those from !loth m<,lkrn 
arcs. 
5.3.1.3.2 A-2d 
Volcanic rocks with REE and chemical characteristics of the A-2d subtype 
are somewhat more common in modern arc settings Selected samples fi·om 
Ata Island (Fig.5 .8A) (Tongan arc; Vallier et al. 1985, 1991), Fiji (Gill, )()~7) 
and the Scotia arc (Hawkesworth et al., 1977) have REE patterns that paralld 
and/or overlap with those of the A-2d subtype, although the A-2d sampks ha·.-c 
higher Ti and Zr/Ti ratios than Ata and Scotia's rocks, and are matched in terms 
of those elements only by samples from Fiji IAT-1ike basalts rccowrcd limn 
back-arc spreading centres of the Tonga (Fig.5.8B), lzu-Ogasawara (Fig.5 8\) 
and Mariana (Fig.5.8D) back-arc basins (Jenner et al, 1987; Ikeda and Yuasa. 
1989; Fryer et at ., 1990; Hochstacdtcr et al, 1990a, b; Vallier ct at. 1991) form 
much better analogues to the A-2d lavas. The similarity of these back-arc 
basalts to IAT is variously interpreted to result from mixing of E-typc MORB 
and depleted IAT magmas (Ikeda and Yuasa, 1989; Hochstaedtcr ct al., I <J<JOa. 
b), by mixing of depleted mantle with the slab derived fluid, or by contamination 
of mantle derived melts with older arc lithosphere (Jenner et at, 19~7. Vallier ct 
al., 1991). 
5.3.1.3.2 A-2e and A-2e(t) 
Flows with chemical features similar to the A-2e and A-2c(t) rocks arc 
present, and locally common, in the oceanic island arcs of Fiji (e.g . Gill, 19~7; 
Gill and Whelan, 1989) and the Marianas (Hole ct al ., 1984; Bloomer ct at, 
1989; Lin et al., 1989). Shoshonitic to calc-alkalic flows from Fiji that display 
extended REE patterns similar to the A-2e and A-2e(t) rocks (fig. 5 9A) arc 
linked to volcanic activity arising from rifting of the Vitiaz arc (Gill and 
Whelan, 1989). The Fiji flows differ from the A-2e lavas and A-2c(t) tuffs only 
in having higher P 20s abundances and in slightly lower Zr and Ti 
concentrations. 
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Flows from the central part of the Mariana arc show a very good 
correspondence of extended REE patterns (Fig.5.9B), including HFSE, with 
those of the A-2e subtype. The1.e lavas are interpreted to have been derived 
from a relatively depleted mantle that was enriched bv alkali-rich hydrous fluids, 
underwent melting within the stability field of spinel lherzolite, and then 
underwent various amounts of low pressure fractionation (Lin et al., 1989; 
Bloomer et al., 1989; Woodhead, 1989). The lavas compared here with the 
A-2e and A-2e(t) rocks are typical of the mature central part of the arc and are 
not like the enriched shoshonitic rocks of the northern, submarine part of th~ 
arc (Lin et al., 1990). 
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REE patterns of the A-2e and A-2e(t) samples are also rather similar to lavas 
erupted from volcanoes in the southern volcanic zone of the Andes (Fig.5.9C) 
(llickcy et al, 1986) In particular, the A-2! and A-2e(t) rocks display a 
similarity to basaltic lavas from volcanoes located on thinner continental crust 
from 38"-41" S Geochemical characteristics of the Andean lavas are often 
explained by variable mixing of two components, one of which is derived from 
subductcd crust (thought to characterized by high ratios ofTh and alkaline earth 
elements to REE and HFSE) and the other from enriched mantle similar to OIB 
source or subcontinental lithosphere (Hickey et al., 1986). However, an 
important contribution to the genesis of these magmas may also be from mid-
and upper-crustal melts and intracrustal coexistent assimilation and fractional 
crystallization (AFC; De Paolo, 1981) (Hildreth and Moorbath, 1988). 
According to Hildreth and Moorbath ( 1988) the role of the crust is reflected in 
the rise of Th and CeNb with the thickness of crust; whereas, the increase in 
the Cc/Yb ratio probably results from suppression ofHREE by garnet (Hildreth 
and l\1oorbath, 1988). 
5.3./.3.3 A-3 
REE profiles and most chemical features of the A-3 group samples are 
reminiscent of lavas from the Tonga and Kermadec arcs (Falloon et al., 1987; 
Ewart and Hawkesworth, 1987). They are also somewhat like lavas of the Valu 
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Fa Ridge, Lau Basin, in which a well defined Nb anomaly indi~atcs the prl'scnl'c 
of a slab-derived component in the back-arc basin mantle source (Jcnnt·r ct al . 
1987; Vallier et al., 1991). REE patterns of the A-3 samples arc subparallel to 
those of the Valu Fa Ridge samples (Fig.S.IO), although they arc kss 
fractionated than their modern counterparts and differ from t!1em in the lnww 
Ti, Zr and ZrN, and higher V. 
5.3.1.3..1 A--1 
Ankaramitic flows included in the A-4a subtype have only a few modern 
analogues in little fractionated, medium- to high-Mg lavas, that arc considered 
to represent parental or primitive magmas, and are rarely exposed in island arcs. 
Ankaramites from Western Epi, Vanuatu (Fig.S.II A) (Barsdcll and P ·· ry, 
1990), the ID I picrite from Okmok Volcano, Aleutians (Fig 5. II B) (Nyc and 
Reid, 1986), and the parental magma compositions calculated for the picritcs of 
New Georgia (Solomon Islands; Ramsay et al., 1984) are particularly good 
analogues for the A-4a samples in terms of REE patterns. The A-4a 
ankaramites are more fractionated than most of these counterparts, but have 
similar Ti and Zr contents, and generally slightly higher ZrN ratios than their 
analogues. 
Samples of the A-4b subtype have a wide range of modern analogues, that 
are associated with both intraoceanic and continental arc settings. Volcanic 
rocks comparable to the A-4b samples have been recognized amongst flows of 
the Rechesnoi Volcano, Aleutians (Fig.5.12A) (Miller et al., 1992), Sunda arc 
(Fig.5.12B) (Stolz et al, 1990) and the Southern Volcanic Zone of the Chilean 
Andes (Fig.S .12C) (Hickey et al., 1986; Ferguson, et al., 1992) Despite the 
similarity of their REE patterns, each of these rock sets represents a different 
magma series. Basalts of the Rechesnoi Volcano form a calc-alkalic trend 
whereas selected samples of the Sunda suite contain both tholeiitic and 
calc-alkalic volcanics and the fairly uniform suite of Andean flows possesses 
characteristics transitional between tholeiitic and calc-alkalic rocks Samples of 
the A-4b subtype show a reasonably good match of REE patterns to all three 
modern suites llowevcr, they are more fractionated and have higher 
l·eo•tMgO than rocks from Andes and Aleutians (I 7-2 7 vs. 0.8-1.8, 
respectively) suites The A-4b rocks show good agreement in Zr/Ti ratios with 
Andean samples, similar Zr/Y ratios to Sunda rocks, and the lowest Ti/V values 
in comparison to all those counterparts. 
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Other good analogues for the A-4b samples are shoshonitic, rift related lavas 
of Fiji (Gill and Whelan, 1989), mildly shoshonitic lavas from the northern 
Mariana arc (Fig.5.12D) (Bloomer et at., 1989; Lin et at., 1989). The 
shoshonitic lavas of the northern Mariana arc are thought to be derived from a 
source which is similar to that of OIB (Lin et al ., 1989). All these volcanic suits 
display a reasonably good fit of REE patterns with those of the A-4b type 
samples, and an overlap of Zr/Ti, ZrN ratios, and to a degree Ti!V ratios. 
The A-4b type lavas resemble the wide range of ankaramites, alkali basalts 
and basanitoids from the islands of Grenada (Fig.5.12E) and Martinique, Lesser 
Antilles (Shimizu and Arculus, 1975; Thirlwall and Graham, 1984; Davidson, 
! 986 ), displaying a good conformity of REE patterns, and similar Zr/Ti, ZrN 
and TiN ratios and element contents, although the A-4b rocks are relatively 
strongly fractionated and have higher FeO*/MgO ratios. Samples of the 
Martinique and Grenada suites are interpreted to be derived from magmas that 
assimilated continentally-derived sediment (Thirwall and Graham, 1 ~84; 
Davidson, 1986). 
There is also a good similarity in geochemical signatures between the A-4b 
samples and flows of the Bushe Formation in Deccan (Fig.5.12F), which are 
interpreted to be strongly contaminated by upper continental crust (Mahoney, 
1988; Lightfoot et at., 1990). Although geological relationships show that this 
is clearly not a viable analogue for the A-4b rocks, the geochemical similarity to 
contaminated flood basalts is pointed out here to emphasize the possibility of 
input from similar sources and/or processes in generating magmas parental to 
the A-4b type rocks. 
~ . 3 . 1 .4 Subvolcanic High-Mg Andesites 
~- 17 
The majority of subvolcanic rocks of the western ;'llotrc Dam~ Bay an\1 ar~ 
geochemically similar to their volcanic counterparts (sec chapter 4), and suggl'St thl' 
same modem analogues. However, among these subvoicanic rocks th~r~ ar~ a 
significant number of unusual high-1\fg dykes, assigned to the Sr\-::~c. SA-:!d and S:\-Ja 
types. Sim!lar dykes were described by Kean et al. ( 1994) who noh.·d that they 
post-date the main eruptive event!> in the Lushs Bight Group. Some of these dykes atl' 
characterized by concave-upward, boninitic-1ikc REE path:rns. Samples of the SA-2d 
type .natch some rare modeTfl high-Mg andesitic rocks termed "bajaites", the sporadic 
occurrence of which (Baja California, S.Chile, Aleutians) is linked to the termination of 
subduction resulting from a ridge-trench collision (e g. Saunders 1!t al, 1987; Rogers 
and Saunders, 1989). Rogers and Saunders ( 1989) speculated that an extensional 
crustal regime may be necessary to allow the high-Mg magmas to rise to the surface 
while retaining their primitive character. REE and extended REE pat!crns of the SA-2d 
type dykes display a particularly good correspondence with some samples from the Baja 
California region (Fig.5. l3A) (e.g. Saunders et al ., 1987; Rogers and Saunders, 19X9). 
and show, as well, a good analogy in various trace element ratios and Feo• /MgO On 
the other hand, dykes of the SA-3a type display a relatively close similarity to a 
particular class of modem high-Mg andesites named sanukitoids (Fig.S. I JB) 
(considered to represent primary ande:;itic magmas), that occur in southwest Japan (c g. 
Tatsumi and Ishizaka, 1982). Tatsumi and Maruyama ( 1989) observed that sanukitoids 
are ~enerated in tectonic settings s:mi1ar to that ofboninite formatinn, i.e ncar the 
trench and during the subduction of a hot and young lithosphere. These authors 
pointed out that the short-lived high-Mg magmatism apparently occurred immediately 
after initial back-arc opening. 
Rogers and Saunders ( 1989) did not view the high-Mg magmas as primary 
5 .3.1.5 Felsic Volcanic And Subvolcanic Rocks 
Felsic rocks of the western Notre Dame Bay area display well defined 
concave-upward REE patterns. The multi-element plots of the F- 1 type low-K rhyolites 
ar•~ characterized by almost fiat HREE segments, and a positive slope in the enriched 
MREE and LREE. The patterns are similar to those of felsic rocks from modern island 
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arcs such as th.! tonalite - trondhjemite Tholo suite of Fiji and rhyolites from the 
Bismarck Arc (Gill and Stork, 1979; Smith and Johnson, 1981). Figures 5.14A and 
S 14B illustrate normalized F-1 type patterns comparetJ with the field oflow- to 
mcdium-K rhyolites from New Britain (Smith and Johnson, 1981) and 1ow-K 
trondhjemites from Fiji (Gill and Stork, 1979) Ewart ( 1979) pointed out a correlation 
between the chemistry of felsic eruptives and their tectonic setting and concluded that 
low-K orogenic rhyolites are presently found primarily within intraoceanic island arcs 
(S W. Pacific, Tonga-Kermadec), but also in regio!ls underlain by young or 
subcontinental type crust (e.g. Taiwan, Japan). An almost perfect match for the F-2 
type felsic rocks is found among high-K rhyolites from New Britain (Fig.5.14C) (Smith 
and Johnson, 1981) 
Dacitic and rhyolitic tephras with somewhat concave REE patterns similar to those 
of the F-1 and F-2 types samples are present in the central Aleutians (Romick et al., 
1992) REE profiles within the suite of Aleutian volcanic rocks are interpreted to show 
a clear indication of amphibole involvement in their genesis; yet only some ofthem 
contain hornblende phenocrysts wherea many contain exclusively pyroxene 
phenocrysts. This has led some authors to conclude that these rocks evolve in a 
complicated (open) system in which the hornblende-phyric rocks erupted from a 
magma that rapidly migrated through the upper crust; whereas, pyroxene-phyric tephras 
were derived from magmas that experienced a prolonged residence in the crust, during 
which hornblende was replaced by pyroxene. 
5.4 Sources And Processes Contributing To The Notre Dame Bay Magmas 
The presence of more siliceous, andesitic to rhyolitic rocks in addition to A-type 
basalts, in the Western Arm Group favours its interpretation as an ancient arc environment, 
and excludes settings of magmatism such as intra-oceanic rifts and ocean islands, even 
though some NA-type rocks show a strong similarity to rocks formed in the latter settings. 
Volcanic rocks of the western Notre Dame Bay area with geochemical signatures 
indicating an arc setting, display geochemical similarities to two types of arcs, intraoceanic 
and continental. The "intraoceanic" affinity of many ofthe western Notre Dame Bay area 
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arc samples is in good agreentent with \\<idespread field evidence for suh<lljllt'ous dl.'position 
ofthe volcanic rocks. There is no compelling field evidence for any subaerial vokanism in 
the western Notre Dame Bay area. In an intraoceanic arc this would not be surprising, 
since intraoceanic volcanoes are consistently affected by erosion, which removes m1t only 
the central, but also most of the proximal and part of the distal, facies hct~lfe they arc buried 
in the stratigraphic column (e.g. Francis, 1983). However the lack of a subaerial 
component in a continental setting is difficult to exflain, and in order to be credible, :he 
interpretation of the continental arc affinity of some samples needs to be demonstrated in a 
more satisfying manner, and then convincingly explained. 
For over a decade some petrologists (e.g. Arculus and Johnson, 1981; Gill, 1981, 
Pearce, 1983; Arculus and Powell, 1986; Ellam and Hawkesworth, 1988; llawkcsworth ct 
al. 1991 ; McCulloch and Gamble, 1991) have ad vacated that arc magmas show evidence 
for contributions from several sources, that include: the mantle wedge; subductcll occanit~ 
crust and sediment; fluids derived from the subducted lithosphere; and the pos~;ibility of 
input from assimilated continental crust and continentally-derived sediment (sec also 
Chapter 4). 
Although the geochemical results of Chapter 4 show that the broad environment in 
which the western Notre Dame Bay rocks were formed is an arc environment, an important 
question is: Was it an intraoceanic or continental arc? To answer this question, it is critical 
to try to identify all potential sources contributing to the western Notre Dame nay lavas. 
Recognition of these sources may help to additionally constrain and more accurately 
interpret the tectonic settings of volcanic rocks in this area. 
5.4.1 MELTING OR FRACTIONAL CRYSTALLI.lATION? 
Geochemical effects of fractional crystallization may be difficult to distinguish from 
effects resulting from variable degrees of melting of a homogeneous source. Various 
diagrams have been presented in the literature that illustrate the qualitative hchaviour of 
trace elements during these processes (e.g. Pearce and Flower, 1977; Pankhurst, 1977, 
Minster and Allegre, 1978; O'Hara and Mathews, 1981 ). Use of these types of diagrams 
can help identify processes invc,lved in the petrogenesis of the western Notre Dame Bay 
magmas. 
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The LaN versus (La/Yb)N, LaN versus (La!Sm)N, and to a degree the Sm/Nd-Nd, 
variations reflect differences in the shape and slope of REE patterns and are employed 
here to analyze the proccesses leading to the observed geochemical variation in the 
various magmatic types recognized within the western Notre Dame Bay rocks. On the 
LaN-(La/Yb)N plot, partial melts of different sources, such as spinel lherzolite and 
garnet lherzolite, del1ne linear trends with very different slopes (e.g. Pankhurst, 1977; 
Allegre and Minster, 1978; Lin et al., 1989). The horizontal trend is predicted for 
steady-state produ<;ts of a periodically replenished magma chamber (PRMC; e.g. O'Hara 
and Mathews, 1981; Langmuir, 1989). 
On the LaN-(La!Yb)N and LaN-(La!Sm)N process identification plots (Allegre and 
Minster, 1978; Minster and Allegre, 1978), the majority of geochemical types recognized 
within the western Notre Dame Bay rc:;ks form relatively scattered trends (Fig.5. 15), 
none of which is readily interpreted as simply varying degrees of melting of a 
homogeneous source as illustrated by the modelled trends. However, even these 
scattered trends have one common feature, a general positive correlation between 
(La!Yb)N and LaN (less so in the NA-type rocks). This increase in LREE with respect 
to IIREE may indicate that varying degrees of melting of one het~rogeneous or several 
sources may be, amongst other processes, involved in the formation of magmas from 
which these rocks were derived. In the case of the NA-type rocks, a dominant control 
by fractional crystallization, on the evolution of these magmas, is suggested by the 
approximately subhorizontal trend. 
On the companion plot, the LaN-(La!Sm)N, an oblique trend in the western Notre 
Dame Bay area rocks suggestive of control by partial melting processes is less apparent, 
and most of the A-4b subtype trend is subparallel to the fractional crystallisation trend. 
It appears that both melting and fractionation may have exerted some control on the 
evolution of the western Notre Dame Bay lavas (and tuffs) . It also possible that other, 
more complex processes affected them as well. 
Incompatible elements are used to determine sources supplying material to the lavas 
from the westernNotre Dame Bay area. Extensive low pressure fractionation may work 
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to conceal geochemical signatLTes of source regions, but it should not afl~'t th~ highly 
incompatible elements. 
5.4.2 THE SOURCES 
5.4.2.1 The Mantle Wedge 
Arc related magma3 are gtnerally considered to be generated in the mantle wedge 
abovt a subduction zone. The mantle wedge is thought to be composed of rdractory 
or depleted N-MORB mantle (Jenner, 1981; Pearce, 1983; Arculus ar•d Powell, 1986. 
Ell am and Hawkes worth 1988;), although some authors argue on the basis of iwtopic 
data, that more enriched E-MORB and OIB sources are present and conicihute to arc 
magmas (e.g. Stem, 1981; Morris and Hart, 1983; Stern et at.. I 991) 
As Ellam and Hawkesworth (1988) simply stated, the observed fraction.ttion 
between LFSE and HFSE and the distinctive trace clement geochemistry of subduction 
related basalts, cannot readily be generated by melting processes in equilibrium with 
common mantle phases For that reason most widely accepted arc petrogenetic nwc.kls 
involve the mantle wedge being metasomatized by LFSE-rich fluids originating from the 
subducting oceanic lithospheric plate. A number of researchers believe that the mantle 
beneath arcs may be metasomatized in a manner similar to mantle beneath the 
continents (e.g. Foley and Wheller, 1990). Many of the mantle-derived peridotite 
xenoliths found in lavas associated with magmatism within continental plates, and less 
commonly in the arc environment, contain veins ofl FSE-rich hydrous amphibole 
and/or phlogopite (e.g . Lloyd et al., 1985; Tatsumi et al., 1986; Dcfant et al, 1991, 
O'Rt'illy et al ., 1991 ); thus attesting to mantle metasomatism by a fluid phase. The 
presence of phlogopite in the mantle wedge is thought to reflect addition of a sil iceous 
hydrous fluid phase or siliceous melts added from a subducting slab to an otherwise 
strongly depleted mantle. The fluid phase is inferred to originate from the breakdown 
of hydrous phases (amphibole) in the altered MORB, and to be Lf SE-enriched and 
HFSE-depleted (Hole et al., 1984; Tatsurni et al., 1986; Ryerson and Watson, 1987) . 
There is also evidence that Nb, Ta and Ti depletion in arc magmas may be related to 
such a fluid phase since at least some ultramafic mantle xenoliths display depletion in 
these elements (Shimizu, 1987; Defant et al ., 1991 ). However, some mineral phases in 
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metasomatized spincllherzolites show enrichment in particular trace elements. For 
example apatite tends to strongly concentrate Th and high levels of REE, whereas 
amphibole and mica have a strong affinity for Nb and Ta (O'Reilly et al. , 1991). 
The relative enrichment in LREE and coPstant or decreasing HREE can be 
explained by fractionation of an assemblage in which hornblende or garnet is a major 
constituent. llornblcnde fractionation is a very effective suppressant ofHREE (e.g. 
Gromet and S ilvcr, 1987), but to be effective and not to leave petrographic evidence, 
hornbknde fractionation must occur during deep- crustal processes (Hildreth and 
Moorbath, 1988) Alternatively, a similar effect can be obtained by interaction with 
wall rocks containing these phases. As pointed by Hildreth and Moorbath ( 1988), 
interaction of primitive basalts with hornblende-rich lower-crustal rocks, by assimilation 
and/or reaction with the wall-rock or by mixing with silicic partial melts of the latter, 
will result in :,;uppression of I IREE. 
The crust beneath the Cambro-Ordovician "arc(s)" that produced the western Notre 
Dame Bay rocks was clearly very rich in gabbroic-tonalitic intrusions as evidenced by 
extensive hornblende-bearing intrusive clasts in the Stag Formation breccia. These 
indicate that even at a relatively early stage (pre-506 Ma; see Chapter 3) of the western 
Notre Dame Bay arc(s) evolution,a significant amount of water was most likely 
transported into the mantle in a form of a fluid phase from subducted crust, and 
subsequently by mantle-generated basaltic magma into lower crust (e.g. Takahashi, 
1986; llildreth and Moorbath, 1988) . 
. 5 A 2 2 Depleted Or Enriched Mantle Source? -The Tlt/Zr-Nb/Zr Plot 
In light of the view that more enriched E-MORB and OIB sources may contribute 
to arc magmas (e.g. Stern, 1981 ; Morris and Hart, 1983; Stem et al., 199 i )(instead of a 
dominant role for depleted or refractory N-MORB mantle), an important question is: 
Do the western Notre Dame Bay magmas reflect only a depleted mantle source, or did 
an enriched mantle end-member contribute to their petrogenesis as well? The Nb/Zr 
ratio is a potentially effective tool in evaluating this question (e.g. Pearce and Norry, 
1979; Edwards ct al, 1991; Pearce et al ., 1992) whereas the Th!Zr ratio is sensitive to 
addition of continental crust. 
The Nb/Zr against Th/Zr diagram is presented in Figure 516, with sampks from 
several present day tectonic settings Figure 5 . 168, D (for rcf\!rcncc), and th~ \"l'Sil'rn 
Notre Dame Bay area samples plotted in Figure 5. 16A (arc affinit~-).C (non-arc and 
transitional affinity). The western Notre Dame Bay samples of non-arc allinitv exhibit a 
marked increase in Nb/Zr at almost constant Th/Zr relative to N-1\tORB The TR 
samples plot in a similar fashion, but show a minor shift away from the trend ddined hy 
the NA-type samples and mantle array (typical N-1\IORB and E-MORB) and Sl'vcral 
samples on the higher Nb/Zr end of the trend also have higher Th/Zr 
The A-2d lavas form a short trend parallel to the mantle array. but removed 
towards slightly higher Th/Zr. A cluster of the A-2e and A-2c(t) samples is clearly 
separated from the array of the NA rocks. A few samples included in these subgroups 
have both ratios elevated due to low Zr values (see Chapter 4) An cntirdy oppositl~ 
behaviour is revealed by the group A-4 samples, which show an irregular trend marked 
by an increase in Th/Zr in a relatively narrow range of Nb/Zr values 
The Th/Zr-Nb/Zr plot suggests that an enriched mantle component was indeed 
present in the NA and TR magma sources. The enriched mantle might have contrihuted 
to the source of the A-2E lavas, but such input, if any, may have been partially 
obliterated by contamination by upper continental crust, as it is documented fl'r the 
Deccan lavas in Figure 5 .160. If there was any input from the enriched mantle into the 
source region of the A-4 type lavas, then evidence of it has been wiped out by a 
contribution from other sources and/or processes, which shall be identified below 
5.4.2.3 Evidence For Mantle Metasomatism- (Th/La}.N...-=.(J~Yl:!}.N Rclativnship 
More information with respect to the nature of source(s) supplying arc magmas can 
be obtained from the LFSEILREE relationship, as LFSE behaviour is independent of 
fractionation, at least under lower pressure conditions (e.g. Kay, 19H4 ). A high BalLa 
ratio is characteristic of modem island arc volcanic rocks, and is interpreted to reflect 
the high BalLa of fluid phases derived from dehydration of subductmg slab ( e g 
Davidson, i 986; Lin et al, 1989; Oefant et aJ ., 1991). A number of authors (e g. 
Saunders et al., 1980; Hole et al., 1984; Tatsumi et aJ., 1986) have presented arguments 
for mantle source metasomatism by a LFSE-rich, REE-deplctcd, possibly siliceous fluid 
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phase which may represent the dehydration product ofthe subducting slab. Tatsumi et 
al . ( 1986) have shown that Nb is most likely not soluble, and that Ti and Zr would have 
exceedingly low concentrations in the fluid phase. Other characteristics of such a fluid 
phase may include enrichment in Si and AI (Schneider and Egg]er, 1986). 
Ryerson and Watson ( 1987) calculated that up to 87% of the Thin the sources of 
island arc magmas may be metasomatically introduced, and anticipated even more 
extreme addition of Cs, Rb and Ba. This also, besides Rb, the element with the 
strongest affinity for the continental crust (Allegre and Lewin, 1989), and, in particular, 
for the upper crust (Taylor and McLennan, 1981 ). Amongst the LFSE, Th is the only 
clement which appears to resist postmagmatic alteration. 
The relationship ofTh with respect to REF. in the western Notre Dame Bay lavas is 
illustrated on the (Th/La)N versus (La!Yb)N plot. Three major trajectories reflecting 
processes that are expected to influence behaviour ofTh and the REE in the arc 
environment are shown schematically in Figure 5.17 A and C. The horizontal trajectory 
parallel to the E-MORB - OIB segment of the mantle array illus:rates a decreasing 
degree of partial melting; the diagonal trajectory connects MORB sources with the 
continental crust field (defined by the upper Archaean crust, McLennan, 1992; upper 
continental crust, McLennan, 1992), and the third, vertical trajectory represents 
metasomatism by a fluid with an extremely high (Th/La)N ratio and low (La!Yb)N 
ratio. 
On the (Th/La)N-(La!Yb)N diagram, the western Notre Dame Bay samples with an 
arc affinity plot along a diffuse diagonal trend that extends from above the origin 
towards upper right comer of the diagram. This trend is at high angle to the mantle 
array and approximately along the mixing line between N-MORB and the composition 
representing average upper continental crust. 
Samples in some geochemical subtypes of mafic volcanic rocks form well defined 
linear trends approximately normal to the main trend and display a relatively W:de range 
of (La!Yb)N ratios. It seems unlikely that these trends are formed in response to 
fractiOnal crystallization of some phase, but this interpretation relies heavily upon 
presently available Kd values. The only phases which have Kd's suitable to impose 
these trends are plagioclase and apatite (e.g. Irving and Frey, 1984 ). An una-.:(cptably 
high degree of plagioclase fractionation would be required to produce su-.:h trends and 
this hypothesis is rejected here on the basis of geochemical (lack of corresponding 
large negative Eu anomalies) and petrographic (most of the flows retain plagioclase) 
evidence. Apatite fractionation from lavas of the western Notre Dame Bay area is also 
consideied to be unlikely as PPs does not reach the suitable saturation level in mali!: 
lavas (Green and Watson, 1982); moreover, apatite tends to strvngly concentrate Th 
(O'Rielly et al ., 1991). 
The distribution of the data in the linear trends perpendicular to the mantle-cntst 
"mixing" line and extending towards high (La!Yb)N values implies that Th is derived 
from, and its behaviour may be controlled by, a different source than La (and hy dcfauh 
the remainder of the LREE) and Yb. Such a source enriched in Th and depleted in 
REE is clearly different from that expected from the upper continental crust and 
MORB. According to the presently accepted ideas, the only source that fits these 
conditions is the slab component. The composition of a potential dehydration product 
of subducted altered oceanic crust was calculated by Hole et al . ( 1984) and shown to he 
enriched in Th and other LFSE, and strongly depleted in REE. It appears that such a 
component (liquid or melt) would be appropriate in modifying potential mantle source 
regions for the western Notre Dame Bay area magmas. Perhaps the most c~mvincing 
argument is the fact that the Lushs Bight Group boninites also form a well defined trend 
towards the high Th!La ratio as evinced on Figure 5 .17B. 
The (Th!La)N- (La/Yb)N plot indicates that there may be three distinct soun:es that 
contributed directly or indirectly to the western Notre Dame Bay area lavas. The 
Th-poor, low (La/Yb)N source is represent'-.J by depleted N-MORB mantle source. It 
is likely that such depleted mantle was metasomatized by a similarly REE-poor, but 
Th-rich fluid phase, similar to the one envisaged by Hole et al . ( 1984 ), resulting in 
formation of a composite source. The second source has MORB characteristics and 
displays a range from T -MORB to strongly enriched E-MORB, but it is clearly distinct 
from the OIB source. The third source, characterized by high (Th/La)N and high 
(La!Yb )N, may be the upper continental crust or a sediment derived from the 
continental crust 
5.4 2.4 More Metasomatism: Melt Or Fluid?- Nb Vs. Nbffh Relationships 
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There is strong evidence, based upon the behaviour in (Th/La)N-(La!Yb)N space of 
some of the western Notre Dame Bay samples, that a metasomatizing fluid(s) rich in Th 
was one of the principal agents modifying the mantle. However, there is little agreement 
in the literature as to the character of those metasomatizing agents. Some favour melts 
over a metasomatic fluid phase as agents of mantle enrich:nent (e.g. Brophy and 
Marsh, I 986 ). Ryerson and Watson ( 1987) estimated that melts derived from 
dehydrated subducted slab will have r..'bffh values similar to that of the mantle wedge 
(and MORB), but low degree hydrous partial melts ofthe slab will exhibit a reduced 
Nbffh ratio, because of enhanced Ti02 solubility (rutile is thought to withhold Nb in 
the source). They modelled hybridization of the mantle source with a rutile-bearing 
MORR quartz eclogite, similar to the one proposed by Brophy and Marsh (I 986), and 
graphic results of that modelling are applied here to the western Notre Dame Bay lavas 
on the Nb-Nbffh diagram. 
In Figure 5. 18 the compositions of the Notre Dame Bay area lavas are compared 
to the calculated lines representing mixing of the MORB-depleted mantle with 
slab-derived melt for two different fractions (0 05 and 0.2; Ryerson and Watson, 
1987). The mixing lines indicate that the Nbffh ratio is controlled by the slab-derived 
melt and that this control decreases with increasing degree of melting of the slab. 
Although some of the western Notre Dame Bay samples plot within the field defined by 
these mixing lines, they are arranged in several trends that are at high angles to the 
calculated mixing lines and emphasize the generally positive correlation between Nb and 
Nbffh in the western Notre Dame Bay arc lavas. 
If Nbffh systematics are closely similar to that of Nb/U, as suggested by Ryerson 
and Watson ( 1987), then the interpretation of Vukadinovic and Nicholls ( 1989) may 
shed some light on what type of a medium metasomatized the mantle source to the 
western Notre Dame Bay rocks. These authors proposed that behaviour such as that 
observed in Figure 5. 18 results from the decreased ability of metasomatizing fluids to 
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affect the Nb/U ratio in the mantle with high abundances ofNb and U. This behaviour 
of the western Notre Dame Bay rocks of arc affinity is identical to that observed by 
Vukadinovic and Nicholls ( 1989) in Nb-Nb/U space for Indonesian island arc basalts. 
and indicates that the 1\.'brfh ratio in the western Notre Dame Hay rocks is dominated 
by a slab-derived, high-Th hydrous fluid rather than melt . 
5.4.2.5 More Scurces- La Vs. La!Nb Relationships 
Further deductions about the sources contributing to the western Notre Dame Bay 
area magmas can be made from the diagram involving two strongly incompatible 
elements known to have diverse mobility in hydrous fluids, such as La and Nb (e.g . 
Tatsumi et al . 1986). In the La vs. La!Nb diagram (Fig. 5. 19), melts derived from a 
depleted source should have La!Nb ratios and La content approaching those of the 
source, particularly with increasing degree of partial melting. Less partial melting of 
this same source will yield higher La abundances and a relatively low La/Nb ratio, 
mixing with mantle melts such as E-MORB or OIB would produce a similar effect. The 
same depleted source modified by hydrous fluids or melts originated from subductcd 
slab would most likely have elevated La!Nb ratios, but not particularly elevated La (e.g 
Tatsumi, 1986; Hole et at ., 1984). 
On the La vs. La/Nb diagram (Fig. 5 19), the mantle array (N-MORR to OJB) 
forms a trend in which La/Nb decreases slightly with increasing La. The non-arc, 
transitional, and some arc samples (of the A-2e and A-2e(t) subtypes) form trends 
subparallel to this array. Trends formed by samples in the A-2c and -2d subgroups arc 
inclined to the mantle array, with the La!Nb ratios increasing with increasing La The 
A-4 samples do not form a well-defined trend, but plot in a scattered cluster 
characterized by high La/Nb ratios and La values approaching those of the continental 
crust (AFG). 
If the assumptions made at the beginning of this sub-section arc right, then it may be 
concluded from Figure 5. 19 that at least four different sources contributed to various 
magmatic types within the western Notre Dame Bay area flows. Di .... 1bution of the 
western Notre Dame Bay area samples on the La-La!Nb plot implies a contribution 
from: I) a strongly depleted, N-MORB-Iike source; 2) a MORR source within the 
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range of normal to strongly enriched; 3) input from hydrous fluids reflected in the range 
of the LaiNb values at a more or less fixed La; and 4) upper continental crust and/or 
PAWMS-type sediment (PAWMS =Pacific authigenic weighted mean sediment; Hole 
et al ., 1984 ), with La and La/Nb characteristics similar or even higher than average 
Lewisian amphibolite facies gneiss- AFG (Weaver and Tamey (1981). 
5-"-4~~.6 Inp!Jt From The Upper Continental Crust? 
It comes as n0 surprise that the arc depleted mantle, enriched mantle, and fluids 
derived from the subducted plate are the major sources of the western Notre Dame Bay 
magmas. However, discrimination ,:iagrams used in the Chapter 4 (Table 4.4) implied 
that some of the lavas may have formed in a continental arc setting. This affinity 
appears to contradict the field observations, i.e. there is a general lack of evidence for 
subaerial volcanism, contin~ntally-derived sediment, or presence of older crustal rocks. 
I lowever, one fraction of zircons from the 469 +5/-3 Ma felsic tuff on Oil Island 
(Dunning and Krogh, 1988) contained inclusions of inherited zircon with an Archaean 
upper intercept age of2965 Ma (Dr. G. Dunning, pers. comm.). Various diagrams 
based upon ratios of incompatible elements reveal some evidence for an upper crustal 
component in the western Notre Dame Bay lavas. 
Average continental crust is strongly enriched in LREE and other incompatible 
clements (e.g. Taylor and McLennan, 1985). In general HFSE occur in higher 
concentrations in continental-margin arcs than in intraoceanic equivalents (Gill, 1981 ). 
Some authors (e.g. Hildreth and Moorbath, I 988) imply that there are large crustal 
HFSE contributions to continental arc magmas and the higher HFSE abundances result 
from intracrustal processes rather, than from the subduction component. Pearce ( 1983) 
has shown that the Zr!Y ratio is, in general, higher in lavas generated at continental 
margins than in intraoceanic island arcs. This observation gets some SIJpport from Nd 
isotopic data, which display, in general, a negative correlation with increasing Zr!Y; 
both features have been interpreted as resulting from crustal contamination (e.g. 
Thirlwall and Graham, I 984; Hickey at a!., 1986) although others (e.g. Ellam and 
llawkesworth, 1988) attributed them to a subducted sediment contribution. 
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5. -1. 2. 6. J Sm Nd-Nd mriations 
Figure 5.20 illustrates variations between Sm and Nd, clements that arc 
most likely immobile or insignificantly mobile (Tatsumi ct al., 1986; Watson and 
Zindler, 1987) during dehydration of subductcd altered oceanic ..:rust. 
Therefore, their respective fractionation in volcanic rocks should rctlcct input 
from other sources and/or processes. ~1ost c0mmon mineral phases in island 
arc lavas have rclati-. ~ly low distribution coefficients for both Nd and Sm (c. g . 
Irving and Frey, 1984); thus their relative concentrations should not ..:hange 
greatly with varying degree of melting or fractionation. This makes the 
Sm!Nd-Nd plot (Davidson, 1986) particularly sensitive to amphibole 
fractionation, a!' amphibole is the only common mineral phase which is able to 
fractionate Nd from Sm (compilation of Kd's from various sources by G A 
Jenner, 1984; Irving and Frey, 1984). Several model curves shown 
schematically on the diagram illustrate the effects of fractionating hornblende, 
plagioclase, two poly-mineralic assemblages (one including hornblende). and 
50% bulk mixing of crust for parental arc compositions. One more curve 
representing 50% addition of crust and 50% fractionation is shown for a 
parental N-MORB-Iike composition (all modelled by Davidson, 1986) The 
model curves clearly indicate that contamination by crust may affect Nd 
concentrations and Sm/Nd ratios much more effectively than any fractionating 
assemblage. The reliability of these curves is tested using different ~uitcs of 
rocks from various tectonic settings (fig.5.20B, D). 
It is apparent from the Sm/Nd-Nd plot that several sources and processes. 
including fractional crystallization, but also crustal assimilation, contribute to 
the western Notre Dame Bay area lavas. The mafic lavas group in several 
clusters that conform to the previously established geochemical types (Chapter 
4). These form a relatively broad trend between Sm/Nd values ofO IS and 0 5, 
and Nd contents -o-25 ppm. The trend begins with the A-2a to A-2c samples 
at Nd and Sm/Nd values characteristic of a strongly depleted MORB-like 
source, and ends with the most evolved flows ofthe A-4 group at Sm/Nd ratios 
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intermediate between the rnantle array and the UCC and Nd values near those 
of the UCC Most of the felsic samples are shifted from the mafic trend 
towards lower Sm/Nd ratios, an observation that is in an agreement with 
depletion of the middle to heavy REE and characteristic of hornblende 
fractionation . However, hornblende fractionation does not account for the wide 
range of Nd concentrations observed within the suite offelsic rocks (see trends 
defined by the Aleutian tephras before and after removal of hornblende; Romick 
et al, 1992), which form a double trend ending up (one sample exceeding it) at 
the Sm/Nd-Nd values of the UCC and AFG. This provides quite convincing 
evidence for contamination of parental magmas by an upper crustal component. 
The presence of two discrete linear trends within the wider trend of felsic rocks 
and their shift away from mafic compositions additionally illustrates importance 
of not only contamination by the crust, but also of amphibole fractionation. 
On the Sm/Nd-Nd plot, samples of the A-2d (and some of the A-2c) 
subgroup are shifted across the mantle array into the MORB field. and plot 
along the model curve showing assimilation of upper cn.1stal material by the 
N-l\10RB liquid. This is consistent with the previously noted position of these 
samples on various discrimination diagrams, on which they commonly straddle 
the bou.1dary between oceanic and arc rocks (Table 4.5, chapter 4). On the 
other hand, most of the w'!stem Notre Dame Bay area rocks with non-arc and 
transitional affinities are confined to the MORB field on the Sm!Nd-Nd plot. 
The transitional and NA-2d samples are displaced towards the mantle array and 
slightly higher Sm/Nd ratios from the remainder of the NA samples. Since both 
the TR and NA-2d rocks display a noticeable LREE and Th enrichment with 
respect to HFSE (in particular with respect to Nb) and HREE, it is conceivable 
that their displacement away from the other NA samples is c.aused by 
assimilation of a minor amount of crustal material. 1 his possibility will be 
examined in some detail in following sections. 
Figure 5.21 illustrates variations between Sm and Nd for high-Mg dykes. 
Similarly to felsic rocks of the western Notre Dame Bay area. the high-Mg 
dykes define two distinct linear trends, one of v.·hich (mainly SA-2d and SA-Ja) 
samples is shifted away from the mantle array towards continental crust 
compositions and provides a strong indication of contamination of mngmas 
parental to the dykes by an upper crustal component. 
5.4.2.6.2 NdNd* parameter 
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Thirlwall ( 1982) and Thirlwall and Graham ( 1984) introduced the 
parameter f ,dJNd •, that represents the ratio of measured Nd to the Nd value 
calculated by a log-linear interpolation between La and Gd on the chondrite 
normalized REE pattern. This parameter indicates curvature and steepening of 
the REE pattern. Nd/Nd* was shown to be an effective indicator of crustal 
contamination, reflecting addition of a comt.'onent with a concave-upward 
LREE pattern to a magma generated in a source with MORD-Iike 
characteristics (Thirlwall and Graham, 1984). However, as La and Ce 
abundances may be controlled to some degree by metasomatism (e.g . Tatsumi 
et al ., 1986), the Nd/Nd* calculated by tt1e above method may also reflect the 
combined results of crustal contamination and mantle metasomatism by the La 
enriched fluids. For this reason, the factor Nd* is here measured by log-linear 
interpolation between Pr and Sm using the formula 
Nd/Nd* = NdN/[(PrN)(SmN)] 1/2 
On the Sm/Nd vers:::s Nd/Nd* diagram (Fig.S.22), samples from the 
western Notre Dame Bay &rea form a fairly continuous trend that shows a 
gradual increase in Nd/Nd* ·vit~ the decreasing Srn/Nd. The order in which 
samples are arranged in the Sm!Nd - Nd'Nd* space conforms generally to the 
division into types and subtypes made in chapter 4. Subgroups A-2a to A-2c 
display the lowest values of Nd/Nd* in the range 0.85-1 .05, with most samples 
<1.00 and the mantle array. Other western Notre Dame Bay rocks of arc affinity 
range between Nd/Nd* values of 0.97 and 1.12, and plot predominantly above 
Nd/Nd* = 1.00. Felsic rocks of F-1 and F-2 types have Nd/Nd* values in the 
range 1.00 to 1.17 and approach the composition of UCC. Surprisingly, many 
of the NA rocks have relatively high Nd/Nd* values (0.97-1.12), and there is 
0 0 • • \.. 0 • 0 • ' -----
substantial overlap between the NA, TR, and the A-2d and A-2e samples in 
both the Nd!Nd* and Sm/Nd ratios. 
Nevertheless, consistent with many of the diagrams presented above, the 
Sm/Nd vs. Nd/Nd* plot implies that addition of upper crustal material to 
magmas generated in various mantle sources might have had a significant 
impact on the final composition of some western Notre Dame Bay area lavas. 
5.5 Summary And Conclusions 
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The emphasis in this chapter has been on a detailed interpretation of the 
oalcocnvironments in which rocks of the western Notre Dame Bay area were formed and 
t..e sources from which they were derived. The geochemical signatures of types defined in 
Chapter 4 were compared to the lithostratigraphy and to geochemical results from rocks of 
moderately to well-defined modern tectonic settings. 
Integration of geochemical data with lithostratigraphy shows consistencies in the 
magmatic evolution of the western Notre Dame Bay magmatic rocks. Within the pre .. SOO 
Ma sequence, rocks in the stratigraphically-lowest position (The Lushs Bight Group), 
exhibit geochemical signatures ofboninites and low-Ti arc tholeiites. The arc tholeiites 
persist into the basal units of the overlying Western Arm Group before giving way to a 
succession dominated by NA and TR rocks. Comparison with modem environments reveals 
good analogues for all the pre-500 Ma geochemical types in the western Notre Dame Bay 
area in modem island arcs, intraoceanic back-arc and/or near continent marginal basins. 
The presence ofboninites in t:1e Lushs Bight Group may record the initiation of subduction 
in this Late Cambrian island arc, whereas the arc tholeiites probably represent primitive 
phases of arc magmatism, such as presently occure in the Kermadec arc. The presence of 
non-arc and transitional lavas higher in the pre-500 Ma sequence interbedded in the lower 
part with IAT-type lavas has analogues in modern back-arc (e.g. Lau Basin, Mariana and 
Ogasawara Throughs), whereas chemically the NA and TR type lavas of the western Notre 
Dame Bay are more like those from marginal basins (e.g. particularly Sea of Japan and Gulf 
of California Lau Basin). Thus, the back-arc basin is belived to be the most likely 
environment for these rocks The lower pan of the pre-500 Ma sequence (the Lushs Bight 
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Group}, then would appear to be best interpreted as recording the establishm~:nt of a 
primitive island arc followed by a gradual transition to a back-arc basin. If the simplest 
scenario is assumed, then the only setting in which non-arc, arc and transitional l1ows can he 
generated and be pres~nt in the stratigraphic order recorded within the Western Ar.n Group 
is the frontal-arc margin of a back-arc basin. It is exactly the part of the arc/back-arc 
environment that is predicted to be preferentially preserved in ancient asscmhlagcs 
(Busby-Spera, 1988). 
The ca 496 Ma high Mg dykes are of considerable interest as they help constrain the 
environments of magmatism between the two volcanic episodes. They cut all rods of the 
pre-500 Ma volcanic sequence and are one of the principal geological features that 
constrain the age of these rocks. Geochemical data indicate that they arc subdu~tion-rdatcd 
and comparison with modem environments reveals an affinity with sanukitoids and bajaitcs. 
which erupt in moderrn settings characterised by the presence of continental crust. This 
indicates that at the time these rocks were intruded, magma sources typical of continental 
crust were available at depth below the pre-500 Ma assemblage. 
The younger volcanic sequence, represented by the upper part of the Western Arm 
Group and the Cut well Group, is dominantly of island arc origin. Modern analogues for 
mafic and felsic volcanic rocks are present in island arcs, both those that arc intraoceanic 
and those which are bu~lt upon continental crust. This sequence appears to represent 
renewed arc volcanism in the western Notre Dame Bay area approximately 20 Ma after the 
cessation of activity in the older arc sequence. 
A detailed consideration of possible sources for the western Notre Dame Bay magmas, 
using various combinations of trace elements that behave in diverse manners during 
different petrogenetic processe.;;, permits an interpretation of the nature ofthc magma 
sources, some insight into the petrogenetic processes that formed the magmas, and helps 
further constrain the environments in which the magmatism occurred. This analysis suggests 
that at least four types of sources can be identified as having contributed to western Notre 
Dame Bay magmatic rocks: I) normal depleted mantle like that commonly i'lvokcd as the 
source for N-MORB - type lavas; 2) somewhat enriched mantle like that commonly 
invoked for the formation ofT-MORB, E-MORB and OIB lavas; 3) a metasomatic source 
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that is believed to originate on the subducting slab; and 4) continental crust. The influence 
of these various sources varies considerably from one magma type to another. N-MORB 
and E-MORB sources dominate in the NA and TR types; the latter is also influenced by a 
metasomatic, slab-derived source, which is interpreted to cause the characteristic Th 
inflection in these rocks. The influence of continental crust is not clearly evident in most 
rocks in the western Notre Dame Bay area . However, there is geochemica! evidence in 
both mafic and felsic lavas of the 485-465 Ma sequence that continental crust was involved 
in their petrogenesis and that hornblende fractionation played a major role in their 
petrogenesis. This raises the possibility that this younger arc was based upon continental 
lithosphere. 
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Lushs Bight I Western Arm groups (Fig.5.1A), and the Stag Formation 1 Cutwcll 
Group (Fig.5.1B). Geochemical types of volcanic rocks are shown on the left side 
of the column, whereas, geochemical types of subvolcanic rocks arc indicated on 
the right side of the column. 
The Lushs Bight Group (Fig.S.lA) is dominated by strongly depleted and 
refractory arc lavas of the A-1 (boninitic) and A-2 (island arc tholeiite) types. 
The Western Arm Group contains rocks that belong to NA. TR and A geochemical 
types. The NA and TR types flow interfinger in the Big Hill Bao;alt, whereat;, in 
the overlying Welsh Cove Formation, felsic tuffs with an arc affinity arc intruded 
by sills with transitional-type chemistry and dykes with non-arc type chemistry. 
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Figure 5.1. (continued). The Stag Formation (Fig.S.lB) is comprised of the arc 
lavas (t1at to slightly LREE - depleted island arc tholeiites) and non-arc lavas 
(E-MORB). The high-Mg dyke (type SA-3A) cuts this formation. The Cutwell Group 
is dominated by the LREE enriched arc lavas of the A-4 type and intruded by 
similar rocks of the SA-3 type. The STR-1 and STR-2 sills intruding the lower 
Pigcnn Head Formation, are geochcmically identical to those in the Welsh Cove 
Formation, Western Arm Group. 
[ : . 1 . ; ·] 
l .. --... ... ; --- ···-·····-·-·-. :--: -:-~- : ~- -: -:--: -:: 
,. . . . : . • · · ·· · ·· · · · ·i 
' 
limestone, 
shale, 
greywacke 
shale, 
sandstone 
grcywacke 
chert, 
tuff 
mafic tuff 
LEGEND 
monomictic 
tuff breccia 
massive and 
autobrecdatcd 
tlow 
"unaltered" 
pillow lava 
boninitc 
anu buninitiC 
dyke 
Y ., -.1 altered ~1 . I .! 
· ·' ·' ·"' pillow lava H r r 
. , .... -•. ~ . . r+ .,. , , 
·,; + 1 
·--~I 
sheeted 
dyke 
intrusion 
mafic dyke 
or sill 
Figure S.l.(continucd) Legend for lithostratigraphic columns in Figure 5.1. 
c.. 
:J 
0 
0::: 
WESTERN 
HEAD 
FM. 
WELSH 
COVEFM. 
O BIG 
::E HILL ~BASALT 
z 
0:: 
t.:.J 
!-
~ 
0::: 
SKEL~TON 
PONDFM. 
SUGAR 
LOAVES 
BASALT 
0 UTILE 
!-BAY G BASALT 
~ 
(/) 
:I: 
v.l 
:J 
..J 
$() 
3 
20 
10 
2 
20 
10 
2 
$() 
10 
3 
$() 
10 
~ 
10 
3 
30 
10 
3 
10 
1 
10 
1 
.!5 
!5 
1 
.!5 
TR-lb 
··· ·············· · 
NA-2c 
5-38 
A) 
~~ ~ STR-2 aV·
:~ 
3 
30 ~ NA 
10 ~ --------~ 
3 
30 STR 
.---'-..o~ 
0·04-08& 
.... r--.:.:...· ........ ........ ... ... ....... .. 
/,._;....__'-. ----...___ SA-3a h . r-:..... "-:::::.:::::: 
Th La Nd Sm Gd 0y Er L..u 
Nb C. Zr Eu Tl Y Yb 
ThlaNdSmGdDyErLu 
NbC.Zr EuTI Y Yb 
Figure 5.2. Primitive mantle-normalized extended REE plots of mafic volcanic 
rocks and tuffs (on the left), and co-magmatic intrusive rocks (on the right), 
bracketed by stratigraphic divisions of the Lushs Bight I Western Arm groups 
(Fig.S.2A), and the Stag Formation I Cutwell Group (Fig.S.2B). 
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Figure 5.2. (continued). On the Figure 5:~.\, note the gradually increasing LREE 
with respect to HREE with increasing stratigraphic height, and the presence of a 
well-defined arc signature only at the bottom and the top of the column, while 
the central part reveals interleaving of lavas with diverse tectono-magmatic 
signatures. Cross-cutting relationships are indicated by lines originating from 
REE patterns of respective intrusive rock types. 
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Figure 5.3. Primitive mantle-normalized extended REE plots of the NA-1 E-M ORB 
type tholeiites (lines) compared to similar rocks (shaded) from various modem 
tectonic settings: A) volcanic rocks erupted from the "anomalous" Mid-Atlantic 
Ridge (MAR) segment between 44 degrees and 47 degrees N (Schilling et al., 
1983); B) sills cored at ODP sites 794 and 797 in the Japan Basin (Allan and 
Gorton, 1992); C) Mariana Trough lavas (Hawkins et al., 1990); D) tholeiites of 
Mauna Loa, an ocean island volcano (Basaltic Volcanism Study Project, 1981). 
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Figure 5.4. Extended REE plots (primitive mantle-normalized) of the NA-2 type 
flows (lines) matched with (shaded): A) samples from the MAR plume segment 
located south of the Charlie-Gibbs Fracture Zone (Schilling et al., 19M3); 
B) lavas from the southern MAR segment under the influence of the Tristan da 
Cunha mantle plume (Humphris et al., 1985); C) flows from the Galapagos 
spreading center (Schilling et al., 1982); D) lavas from the Tamayo Fracture 
Zone· transform fault displacing the East Pacific Rise (Saunders et al., 19H2); 
E) samples from the lower sill unit of the Yamato Basin, Sea of Japan (ODP hole 
#794; Allan and Gorton, 1992); and F) flows from the spreading center behind the 
Izu-Ogasawara arc (Hochstaedter et aJ., 1990b). 
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Figure S.S Primitive mantle-normalized extended REE plots of the NA-2b and 
NA-2c rock.s (lines) and their analogues (shaded) from modem spreading centers: 
A) the NA-2b samples and lavas erupted from the spreading center associated with 
the Galapagos mantle plume (Schilling et al., 1982); B) the NA-2b samples and 
flo·.vs of the Guaymas Basin spreading ridge, Gulf of California (Sawlan, 1991); 
C) the NA-2c flows and sills, cored in ODP holes #794 and #797, from the Yamato 
spreading center (Yamato Basin) (Allan and Gorton, 1992; Pouclet and Bellon, 
1992); D) the NA-2c samples and the Hawaii samples from Kilauea (Basaltic 
Volcanism Study Project, 1981); E) the NA-2c subtype rocks and the least 
crust-contaminated volcanic plateau lavas of Skye, British Tertiary Igneous 
Province (Thompson and Morrison, 1988). 
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Figure 5.6. Extended, primitive mantle normalized, REE plots of the TR-1 type 
volcanic rocks (lines) and their modem counterparts (shaded): A) the TR-Ia 
rocks of the Ogasawara Trough lavas, thought to be generated at rift initiation 
(Ikeda and Yuasa, 1989; Hochstaedter et al., 1990a.b); B) the TR-Ia sample!> and 
the Mariana Trough lavas (Hawkins et al., 1990); C) the TR-lb flows and 
sills from ODP hole #797 on the floor of the Yamato Basin (Allan and Gorton, 
1992; Pouclet and Bellon, 1992); the TR-1b subtype flows and D) contaminated by 
continental aust lavas from Skye (Thompson and Morrison, 1988); and E) Deccan 
(Mahoney, 1988; Lightfoot et al.,1990); F) 0-01-14 sample (TR type) and the 
markedly similar international standard BCR-1 (Columbia River flood basalt) 
(Jenner et al., 1990). 
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Figure 5.7. Primitive mantle normalized, extended patterns of the A type rocks 
(lines) and their modem counterparts (shaded): A) the A-1 type boninites and 
boninites from the type locality, Bonin Islands (Pearce et al., 1992); B) samples 
of the A-2a subtype and strongly depleted rocks from the East Halmahera 
Ophiolite, Eastern Indonesia (Ballantyne, 1991); C) the A-2b samples and lavas 
from the Kermadec arc (Ewart and Hawkesworth, 1987); D) the A-2c rocks and 
geochemically similar lavas from the older, southern part of the Mariana arc 
(lin et al., 1989); and E) rocks dredged from the Tonga trench wall (Falloon 
et al., 1987). In both latter arcs, this type of flow is interpreted to be 
associated with an early stage of arc evolution. 
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Figure .5.8. Extended REE plots of the A-2d samples (ilnes) compared to selected 
rocks from modern settings (shaded): A) samples from Ata Island (Tongan arc; 
Vallier et al., 198.5, 1991); B) IAT-like lavas from Valu Fa ridge, Lau Basin 
(Jenner et al., 1987; Vallier et al., 1991); C) IAT-like flows from the Ogasawara 
Trough (Hochstaedter et al., 1990a,b); and D) IAT-Iike basalts from back·arc 
spreading center of the Maiiana (Fryer et al., 1990). The similarity of these 
back-arc basalts to lA Tis variously interpreted to result from mixing of E-typc 
MORB and depleted IAT magmas (Ikeda and Yuasa, 1989; Hochstacdtcr ct al., 
1990a,b), by mixing of depleted mantle with the slab-derived fluid, or by 
contamination of mantle derived melts with older arc lithosphere (Jenner ct al., 
1987; Vallier et al.,1991). 
5 - 46 
- .------ - -~) I .... .. . ·--·· . . . . . . 
100 A-2e vs. Fiji CA and SHO lavas 100 - A-2e vs. Mariana Arc lavas 
-
... ... .... ... J 
Til Nb t.. C. Ncl o lm Eu Gel T1 ~ Y Et Yb l.u Th Nbi.A C. Nc1 Zr lmEu Gel T1 Dy Y Er Yb Lu 
1 1 r 1 1 o t I . , - T"· - .,-- .,. -- ··T-· -r-~), 
100 A-2e vs. lavas of the SVZ, Andes 
Til Nb !.A c. Ncl Zr lm Eu Gel n ~ Y Er Yb L.u 
Figure .5.9. Extended multielement plots (normalized to primitive mantle) of the 
A-2e lavas (lines) compared to rocks from present day oceanic and continental 
arcs (shaded): A) mildly shoshonitic to calc-alkalic flows from Fiji linked to 
volcanic activity arising from rifting of the old (Vitiaz) arc (Gill and Whelan, 
1989); B) rocks typical of the mature central part of the Marianas (Hole et al., 
1984) interpreted to have been derived from a relatively depleted mantle that 
was enriched by alkali-rich hydrous fluids (e.g. Un et al., 1989); and C) lavas 
erupted from volcanoes in the southern volcanic zone (SVZ) of the Andes (Hickey 
et al., 1986), located on a relatively thin continental crust. The Andean magmas 
are thought to result from variable mixing of components derived from subducted 
crust and from enrkhed, OIB-like mantle source (Hickey et al., 1986), 
overprinted by intracrustal assimilation and fractional crystallisation 
(Hildreth and Moorbath, 1988). 
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Figure 5.10. Extended REE profiles of the A-3 type samples (lines) and lavas of 
the Valu Fa Ridge, Lau Basin, in which a well defined Nb anomaly indicates the 
presence of a slab-derived component in the back-arc basin mantle source (Jenner 
et al., 1987; Vallier et al., 1991). 
Figure .5.11. Multielement plots of ankaramitic flows of the A-4a subtype 
(lines) and modern analogues (shaded): A) ankaramites from Western Epi, Vanuatu 
(Barsdell and Berry, 1990), considered to represent parental or primitive magmas; 
and B) the 101 and associated picrites from Okmok Volcano, Aleutians (Nyc and 
Reid, 1986), thought to represent parental magma composition. 
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Figure 5.12. Extended REE plots of samples of the A-4b subtype (lines) and a 
wide range of modem analogues (shaded), associated with intraoceanic and 
continental arc settings: A) CA rocks of the Rechesnoi Volcano, Aleutians 
(Miller et al., 1992); B) medium-K, TH and CA lavas from the Sunda arc (Stolz 
et al., 1990); C) transitional TH and CA rocks from the Southern Volcanic Zone 
of the Chilean Andes (Ferguson, 1992); D) mildly shoshonitic lavas from the 
northern Mariana arc (Lin et al., 1989); E) ankaramites from the island of 
Grenada. Lesser Antilles (Thirlwall and Graham, 1984), interpreted to be derived 
from magmas that assimilated continentally-derived sediment; and F) strongly 
contaminated by upper continental crust flows of the Bushe Formation, Deccan 
(Mahoney, 1988; Ughtfoot et al., 1990). 
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Figure 5.13. Extended REE patterns of the SA-2d dykes (lines) superimposed upon 
pattern (shaded) of modern high-Mg andesitic rocks termed ''bajaitcs" (A), the 
sporadic occurence of which (Baja California, S.Chile, Aleutians) is linked to 
the termination of subduction resulting from a ridge-trench collision (e.g. 
Saunders et al., 1987; Rogers and Saunders, 1989). The SA-3a dykes (lines) 
display a relatively close similarity to another suite of modern high-Mg 
andesites named sanukitoids (considered to represent primary andcsitic magmas), 
that occur in southwest Japan (e.g. Tatsumi and Ishizaka, 1982). 
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Figure 5.14. The multielement plots of the F-1 type low-K rhyolites are similar 
to those of felsic rocks from modem island arcs, e.g. rhyolites from the 
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Bismarck Arc (A) (Smith and Johnson, 1981 ), and the tonalite· trondhjemite Tholo 
suite of Fiji (B) (Gill and Stork, 1979). Figure S.14C illustrates normalized 
F·2 type patterns compared with the field of high-K rhyolites from New Britian, 
Bismarck Arc (Smith and Johnson, 1981 ). 
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Figure S.l.5. The LaNversus (La/Yb)N and LaN versu~ (La/Sm)N process 
identification plots (Allegre and Minster, 1~78; Minster and Allegre, 1978) 
for the rocks of the western Notre Dame Bay area. Linear trends defined hy 
partial melts of different sources (spinel and garnet lherzolitcs; e.g. 
Pankhurst, 1977; Allegre and Minster. 1978; Lin et aJ., 1989), and the 
fractional crystallisation trend (e.g. O'Hara and Mathews, 1981; Langmuir, 1 tJX9) 
are shown for reference. 
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Figure 5.15. (continued) On these plots, a general positive correlation between 
(La/Yb )N and LaN indicates that varying degrees of melting of one heterogeneous 
or several sources may be, amongst other processes, involved in the formation of 
magmas from which these rocks were derived. A dominant control by fractional 
crystallisation is suggested by the sub horizontal trend of some of the NA-type 
rocks. A subparallel trend of the A-4 type on the LaN-(La/Sm)N, is also 
suggestive of the fractional crystallisation trend. 
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Figure 5.16. The ~'b/Zr vs. Th/Zr diagram for: A) and C) samples from the western 
Notre Dame Bay area; and B) and D) samples (represented by trends) from several 
present day tectonic settings (for reference). 
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Figure .5.16. (continued) The lb/Zr-Nb/Zr plot suggests that an enriched mantle 
enriched mantle component was present in the NA and TR magma sources. 
Evidence of any input from the enriched mantle into the source region of the A 
type lavas may have been partially cbliterated by contamination by upper 
continental crust, as it is documented for the Deccan lavas (Fig. D). 
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Figure 5.17. The (Th/La)Nversus (La/Yb)N plot illustrates the relationship of 
Th with respect to REE in the western Notre Dame Bay lavas in Figure S.17 A& C. 
Three major traje"1ories reflecting processes that are expected to influence 
behavior of Th and the REE in the arc environment are also shown schematically 
in Figure 5.17A&C. Figures Band D show trends defined by samples from several 
tectonic settings. 
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Figure S.17. (continued). As the (Th/La)N- (La/Yb)N plot indicates, there may 
be three various sources that contributed directly or indirectly to the western 
s -56 
Notre Dame Bay area lavas: a) a depleted N-MORB mantle source, metasomatized by 
a REE-poor, Th-rich fluid phase, simi!£ to the one envisaged by Hole et al. 
(1984): b) T-MORB to strongly enriched E-MORB source; c) the third possible 
source may be the upper continental crust. 
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Figure 5.18. The Nb-Nbffh diagram for compositions of the Notre Dame Bay area 
lavas. The shaded field reflects modelled hybridization of the mantle source 
with a rutile-bearing MORB quartz eclogite and is constrained by two lines 
representing different melt fractions (0.05 and 0.2; Ryerson and Watson, 19~7) . 
Although some of the western Notre Dame Bay samples plot within the field 
defined by these mixing lines, they are arranged in several trends that arc at 
high angles to the calculated mixing lines and emphasize the generally positive 
correlation between ~'band Nbffh in the western Notre Dame Bay arc lavas. 
It is thought that such behavior results from the decreased ability of 
metasomatizing fluids to affect the Nb{fh ratio in the mantle with high 
abundances of Nb and Th (Vukadinovic and Nicholls, 1989). This behavior of the 
western Notre Dame Bay rocks of arc affinity indicates that the Nbffh ratio in 
these rocks is dominated by a slab-derived, high-Th hydrous fluid rather than melt. 
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Figure S.19. The La vs. La~1> diagram involves two strongly incompatible 
clements known to have diverse mobility in hydrous fluids (Tatsumi et al., 1986). 
In the La vs. La/Nb diagram, melts derived from a depleted source should have 
La/Nb ratios and La content approaching those of the source, particularly with 
increasing degree of partial melting. Less partial melting of this same source 
will yield higher La abundances and a relatively low UJNb ratio; mixing with 
mantle melts such as E-MORB or OIB would produce a similar effect. The same 
depleted source modified by hydrous fluids or melts originating from a subducted 
slab would most likely have elevated La/Nb ratios, but not particularly elevated 
La (e.g. Tatsumi, 1986; Hole et al., 1984). 
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Figure S.19. (continued) Distribution of the western Notre Dame Bay area 
samples on the l..a-La/Nb plot implies a contribution from: 1) a strongly dcpktcd, 
N-MORB-like source; 2) a MORB source within the range of normal to strongly 
enriched; 3) input from hydrous fluids reflected in the range of the La!~b values 
at a more or less ftxed La; and 4) upper continental crust and/or PA WMS-typc 
sediment, with La and La/Nb characteristics similar or even higher than average 
Lewisian AFG (Weaver and Tarney, 1981). 
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Figure 5.20. The Sm/Nd plot (Davidson, 1986) for rocks of the western Notre 
Dame Bay area of an arc affinity (A), and non-arc and transitional affinity (C). 
Curves shown schematically on the diagram illustrate the effects of fractional 
crystallization and crustal assimilation on arc rocks (A. B). Open diamonds in A 
represent combined felsic rocks of the F-1 and F-2 types. A curve representing 
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SO% addition of crust to a parental N-MORB·Iike composition is also shown (C, D). 
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Figure S.20. (continued) The model curves clearly indicate that contamination 
by crust may affect Nd concentrations and Sm/Nd ratios much more effectively 
than any fractionating assemblage. The reliability of these curves is tested 
using different suites of rocks from various tectonic settings (B, D). It is 
apparent from the Sm/Nd-Nd plot that sources and processes contributing to the 
western Notre Dame Bay area lavas include, among others, crustal assimilation. 
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Figure 5.21. The Sm/Nd plot (Davidson, 1986) for the high-~g dykes of the 
western Notre Dame Bay area (data from this study and Kean et aL, 1994). 
The distrihution of data may rctlcct a possibly strong effect of crustal 
wntaminatiun on finai gt:cchcmical composition of the dykes. 
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Figure 5.22. The Sm/Nd versus Nd/Nd* diagram for samples from the western Notre 
Dame Bay area of an arc affinity (A), and non-arc and transitional affinity (C). 
The parameter Nd/Nd* (Nd measured/Nd calculated from a log-linear interpolation 
between Pr and Sm) is an effective indicator of crustal contamination, and the 
Sm/Nd vs. Nd/Nd* plot indicates that addition of crustal component to magmas 
generated in mantle sources had a strong impact on the final composition of many 
western Notre Dame Bay area lavas, including some of the NA and TR rocks. 
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Figure 5.22. (continued). Trends defined by samples from several present daj 
tectonic settings (B. D) suggest that the Nd/Nd* = 1.1 represents an upper limit 
ot thl· NJlNd* values for the intraoceanic island arcs and ba::k-arc basins. 
Lavas from arcs evolved upon continental crust (e.g. SUi1da-Banda. Aeolian arc), 
and from mantle plumes contaminated by continental crust (e.g. Skye), display 
higher Nd':'Jd* values. Similar division may emerge between the HIMU-type and 
E\1-typt' ocean island hasalts (e.g. Galapagos and Pitcairn. respectively). 
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CHAPTER 6: DEFORMATION HISTORY AND STRllCTllRAL 
GEOMETRY OF THE NOTRE DAME BAY AREA 
6.1 Introduction 
6- I 
This chapter is a presentation of structural data and a review of the dcfunnation in the 
western part of the Notre Dame Bay area. The deformation characteristics, phases of 
deformation, and structural geometry are documented, and the stru~ture is dcsnihcd and 
discussed in terms of the thrust tectonics that dominate this part of the Dunnage Zone (c g 
Thurlow, 1981; Thurlow and Swanson, 1987; Caton and Green, 1987; Pope et al. 1990) 
These data demonstrate that that the area of study represents a part of a sout hcastcrly 
verging, polydefonned, alpine-style nappe. 
No detailed account of the defonnation history and macroscopic structural geometry 
of the area has previously been presented. Some smaller structural entities within the Notre 
Dame Bay area (Western Arm section and Long Island, respectively) have previously hccn 
interpreted to represent. north dipping homoclines (Marten, 1971; Kcan, 1973) Other 
workers recognized the polyphase deformation in the area (Donahoe, 1968; DeCiral:e, 1971, 
Kennedy and DeGrace, 1971; Sayeed, 1970}, but because these studies were restricted to 
relatively small areas, compared to that covered by the present study, the authors were 
unable to demonstrate a link between identified deformational events and the present 
distribution of lithostratigraphic units. 
The structural observations for this study were carried out at mesoscopic and 
macroscopic scale. This work was predominantly aimed at defining the structural geometry 
of the Western Ann and Cutwell Groups, i.e . units with relatively good stratigraphic 
control. Additional observations were undertaken within the rocks of the Lushs Bight 
Group, to aid in correlating deformational events recognized in various sections of the 
Western Arm Group, and to better understand the regional structure. Nonetheless, 
unravelling of even the general structural history of the latter group is difficult because <,f 
the lack of distinct lithological horizons and the diverse behaviour of pillowed lavas during 
deformation. 
6-2 
Structural data collected during the course of this study have been augmented by data 
from MacLean (I 947), Donohoe (1968), Sayeed (1970), Fleming (1970), Marten ( 1971), 
DcC.rrace ( 197 I), and Kean and Evans ( 198 7). The collected Gnd compiled data are plotted 
on equal-area projection and lower hemisphere stereo plots. Orientations of planar and 
linear structural elements used in this thesis are presented in form of: dip=>dip direction 
(azimuth) (e. g.30=> 180). Structural orientation data are generally compiled for relatively 
large areas, that encompass many geological structures that vary considerably in style and 
size. This has resulted in some cases in poorly defined, locally nondescript clusters on some 
stereograms 
The structural geometry of the western Notre Dame Bay area is complex and the 
lithostratigraphic units are disposed in at least two regional fold and thrust belts. In the 
western part of the study area, these belts are of opposing polarity; however in the eastern 
part of the area, their polarity is crosscutting. Consideration of the orientation data for 
whole area, coupled with regional geological observations, suggests that the area can be 
divided into three structural domains (which internally are relatively homogenous); herein 
termed the: Western; Eastern; and Northern domains (Fig. 6.1). Each of the domains 
con;;ists of a number of rectangular, laterally discontinuous blocks surrounded by 
moderately to steeply dipping, brittle to ductile shear zones. These blocks, some of which 
were referred to as sections in Chapters 3 and 4, are referred to here as fault panels (Fig. 
6 2). The structure of the Western Domain is controlled by a northeasterly-trending and 
southeasterly-verging polydeformed fold and thrust belt. The Eastern Domain is generally 
characterized by a northerly verging, polydeformed, fold and thrust belt. The Western and 
Eastern Domains are separated, at least along part of their mutual contact, by the previously 
unrecognized llalls Bay Fault. The Northern Domain is similar in style to the Eastern 
Domain, but is separated from it by the prominent Long Island Tickle Fault. There •s 
geological and geophysical evidence that the Northern Domain may be a block, exposed in a 
horst, related to the Buchans-Roberts Ann Volcanic Belt. This possibility is explored in 
some detail later in this chapter. 
Most of the structures observed and interpreted in the field are folds or thrusts and 
high-angle reverse faults . Several generations of structures were observed, but not all can 
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be correlated on a regional scale. At least five events were identified in the deformational 
history of the Notre Dame Bay area on the basis of structural and geological observations. 
and timi!lg of some of those events is constrained by stratigraphic evidence and the 44'Ar/N Ar 
dating. These events are presented briefly below and described in more detail later in the 
chapter. 
The 01 event is a non-penetrative deformational event which is reflected in the 
formation of chloritic shear zones with a strongly mylonitic foliation. that arc normally 
developed within pillow lavas of the Lushs Bight Group. Some of these shear zones arc 
closely associated with sulphide deposits ( e g. MacLean, 1947; Fleming. 1970; Kennedy 
and DeGrace, 1972; Kean et al., 1995). The -500 My old, hornblende- and 
pyroxene-phyric dykes, although they intrude rocks of both the Lushs Bight and Western 
Arm Groups, are particularly numerous within or near the D I shear zones where they 
locally form swarms. No D 1 folds have been identified. 
The 02 deformation is a regionally penetrative event that produced closed to tight 
major upright folds and an associated axial planar cleavage. The 02 folding and associated 
cleavage does not affect the dyke swarms intruding the D 1 shear zones in the Little Bay and 
Whalesback mine areas. However, the Coopers Cove pluton, which has been dated as 465 
+I- 2. 5 Ma (see Chapter 3 ), displays a well developed foliation that parallels the S2 cleavage 
in the volcanic/volcaniclastic country rocks; for that reason the D2 event is considered to he 
coeval with or younger than this magmatic event. 
The 03 deformation is a major regional event manifested in the emplacement of an 
alpine-style nappe consisting ofthe Cambrian-Ordvician rocks of the Lushs Bight and 
Western Arm Groups, upon the Lower Silurian Springdale Group and the underlying 
Roberts Arm Group. This event is interpreted to have closely followed deposition of the 
post-Lower Silurian red beds that overlie both the Springdale and Robert's Arm Groups 
The red bed unit, which marks the sole thrust fault to the nappe (the Lobster Cove Fault). is 
interpreted to be dynamically related to the nappe, having been deposited in the foreland 
basin formed in front of the advar .::ing nappe. It is thought that many of the large NE 
trending folds both within the nappe and underlying rocks of the Springdale Group, as well 
as most ofthe major, NE striking and southeasterly verging thrust faults were generated 
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during this event. The 03 deformation is, to a large degree, responsible for the present 
distribution of lithostratigraphic and structural units within the western Notre Dame Bay 
area. The event may have taken place in two, sequential phases; the first phase having been 
responsible principally for nappe emplacement; and the second phase having involved 
imbrication and further deformation of the nappe anc; its footwall rocks. 
The 04 deformation is expressed only in the Eastern and Northern Domains. It is 
reflected in an apparent rotation of the Lobster Cove Fault, and by folding and thrusting in 
rock units north and south of the fault . This deformation seems to be associated with 
generation of a large regional, northerly plunging antiform, the hinge zone of which is 
located in the southern r-an of the Halls Bay Head Peninsula. 
The 05 deformation represents the second major regional event, and resulted in 
north-northwest directed high-angle thrusting and creation of a number offoreland 
propagating duplexes of various size (e g. in the Western Ann section). This event 
involves rocks of the red bed unit of the probable Lower Carboniferous age. 
6.2 Deformation Characteristics Of Lithological Units In The Notre Dame Bay Area 
One of the main problems with establishing a definitive lithostratigraphic framework 
for the western part of the Notre Dame Bay area stems from the locally intense and strongly 
heterogeneous brittle and plastic deformation that has affected the volcanic sequence. 
Strain has been partitioned heterogeneously between the locally isotropic to highly 
anisotropic pillow lavas, the interbedded mafic tuff facies, and the overlying, isotropic to 
partially anisotropic felsic tufTs, and cherty sedimentary rocks. felsic tuffs and flows 
responded m0stly by brittle fracturing, but locally (e.g. in the Catchers Pond section) form a 
spectrum of final lithological products that vary from brecciated felsic protolith to a 
mylonite represented by quartz sericite schist. A whole range of structures can be seen in 
pillow lavas and mafic tuffs resulting from the brittle fracturing, as well as from a higher 
degree of penetrative strain. 
6.2.1 THE LITTLE BAY BASALT 
This unit is disposed in typically large, lozenge-like blocks surrounded by 
anastomosing high strain zones, clearly visible in plan view on aerial photos and radar 
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tmages. Within these blocks, pillows are steeply dipping to vertical indicating that they 
occur on the steep limbs of tight to is0clinal folds. The fold limbs are commonly strongly 
sheared and pillow tops can not be determined. 
The pillowed flows of this unit were particularly susceptible to dcfom1ation and 
exhibit a wide spectrum of mylonitic foliations in various stages of development . The 
pillow margins are invariably less competent than the cores, reflecting contrasts in the 
prevailing alteration minerals, i.e. chlorite (on the margins) vs. epidote (in the cores) 
Typically, deformed pillows of the Little Bay Basalt show pear-shaped, thickened 
selvage tails formt\! of material transposed from pillow margins, and indicative of a 
heterogeneous strain history (e.g. Borradaile and Poulsen, I 981 ). In many locations. 
previously homogeneously straine~ pillows have been overprinted by mesoscopic shear 
bands, with tails of the deformed pillows rotated towards the direction of mo\icmcnt 
This type of deformation is typically associated with shear zones and is well exposed in 
the Little Bay mine area, on Fox Neck, on the w-.st coast of Pilley's Island and in the 
hanging wall of the MacLean Fault on the Halls Bay Head peninsula 
The cleavage within the basalt is defined by an alignment of actinolite and chlorite, 
and undulating traces of fine grained sphene. Phenocrysts of altered, euhcdral to 
subhedral plagioclase are commonly strained, broken or bent. In more schistose mafic 
volcanic rocks plagioclase crystals are rotated towards the foliation (sec also: Fleming. 
1970; Marten, 1971 a). Commonly, clots and veins of epidote are either crosscut and 
deformed or augened by cleavage. 
The angular relationships between the orientation of pillows and cleavage is 
generally very difficult to determine, and is impossible to discern in tightly to isodinally 
folded lavas in which pillows are strongly deformed and rotated towards schistosity 
Even in less-deformed parts of structural blocks, pillowed fbws pose a similar problem, 
showing the effects of non-coaxially accumulated strain that makes them usclcs;; for 
way-up and bedding determinations. 
Pillows which experienced intense homogenous plastic deformation arc strongly 
flattened into "pancake" shapes. In zones of particularly high strain, pillow shapes can no 
longer be discerned, al'ld the pillow lavas exhibit a compositional layering in the form of 
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"ribbon" mylonites. This fabric is parallel to foliation and is defined by laminae of 
alteration minerals, predominantly epidote and chlorite, which were derived from 
transposed epidotized pillow cores and chloritized pillow margins, respectively. Zones 
of such ribbon mylonites are commonly found within deformed flows ofthe Little Bay 
Basalt. Particularly good examples were observed in the hanging wall of the MacLean 
Thrust on the east coast of Halls Bay Head, and on west coast of Pilley's Island. 
6 . 2.2 THE WESTERN ARM GROUP BASALTS 
In contrast to pillow lavas of the Lushs Bight Group, most pillowed and massive 
basalts in the Western Arm Group are unstrained or possess only a weakly-developed 
foliation. Where present, the foliation is defined by thin bands of segregated chlorite and 
actinolite, and au gens of pyroxene crystals and rare blebs of epidote. This suggests that 
the regional deformation, that produced the cleavage post-dates alteration but may have 
been coeval with metamorphism. 
Locally strong flattening and folding of pillows was observed in the Catchers 
Pond section of the Western Arm Group where, close to the Green Bay Fault, the 
pillowed basalt displays a very heterogeneous deformation. In intensely deformed flows, 
the pillowed protolith has been obliterated and mafic volcanic rocks form mylonites, 
similar to those observed in deformed pillows of the Little Bay Basalt. The transition 
from almost undeformed pillows to mylonite occurs within a very short distance, i.e. a 
few meters (see also Dube et al., 1992). 
{).2.3 OTHER LITHOLOGIES OF THE WESTERN ARM GROUP 
In the Western Arm Group, the pillowed and massive basalts are interbedded W.th 
mafic tuffs, felsic tuffs, minor felsic flows, cherts and argillites. Mafic and intermediate 
tuffs are predominantly isotropic and respond to deformation mostly by brittle fracturing, 
or locally by development of chaotic incipient chlorite-sericite foliation with variably 
fractured phenocrysts (Fig. 6.3). In zones of higher strain associated with faults, e.g . 
the 1\facLean Fault, the tuffs display well developed chlorite-sericite foliation, which 
wraps around rotated phenocrysts (Fig. 6.4). Rhyolitic tuffs, minor flows and felsic 
subvolcanic intrusive bodies are highly isotropic and developed mostly brittle fractures in 
response to deformation. Yet, in zones of higher strain such as the northwestern part of 
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the Catchers Pond section. these rocks contain a strong mylonitic foliation confined to 
belts of quartz-sericite schist which wrap around larger boudins of less defomted felsic 
volcanic rocks. It can be shown that partitioning of strain in felsic rocks is controlled 
locally by original facies changes. Zones of"sericite schists" display a well developed 
differentiation into quartz-rich laminae, divided by thin mica-rich films, and common 
trails of opaque minerals parallel to the S2 microlithons (Fig. 6.5). Quartz-filled tension 
gashes and quartz veins associated with sericite shear zones attest to :he importance of 
pressure solution as a mechanism of deformation. 
Red and green cherty sedimentary rock, that is characteristic of the Skeleton 
Pond Formation defomted in a brittle fashion. However, in many places it shows 
evidence of a strong penetrative strain, expressed by transposition of bedding into 
cleavage and the formation ofintrafolial and rootless folds typical of well developed 
transposition fabrics . This type of fabric is commonly found in cherty beds along the 
Lobster Cove Fault zone on Sunday Cove, Pilley's and Triton Islands (Fig. 6 6), but also 
within the hinges and limbs of isoclinal regional folds. 
6.2.4 INTRUSIVE ROCKS 
Most of the rocks that intrude volcanic and volcaniclastic rocks in the area of 
study do not show any well developed fabric. The defomtation observed is usually 
brittle, resulting in boudinage of dykes (e.g. in the Whalesback mine area) and fracturing 
of the larger intrusive bodies. Locally, strong brecciation was observed in plutons 
adjacent to faults (e.g. southern contact of the Brighton Complex). In other bodies, 
megafoliation is well developed (e.g. dioritic body on the western shore of Pilley's 
Island). 
Unlike many other plutonic bodies, the Coopers Cove and Colchester units 
exhibit a well-developed foliation defined by 25-30% aligned biotite or chlorite and 
hornblende. The biotite crystals are bent or broken. but the plagioclase and microcline 
crystals are not aligned; although, microcline (perthitic variety) shows evidence for some 
internal plastic deformation. Quartz is typically broken into subgrains and displays 
serrated grain boundaries and the undulatory extinction typical of recrystallized quartz. 
Pyroxene, where present, forms augens within the chlorite (Sayeed, 1970). The fabric 
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(biotite alignment) conforms to the crystal pl~t. - :;rraJ n tjpe ofHutton (1987), i.e. the 
deformation affected the pluton after full crystallisation, yet with enough heat preserved 
in the system to allow at least partial plastic deformation. 
6.3 Oerormation History 
On the basis ofthe field observations and consideration of the available orientation 
data, it is feasible to divide the deformation history of the western Notre Dame Bay area 
into five distinct phases. All five of these phases are related to contractional events; three of 
them, 02, 03 and OS, were regionally penetrative, reflected in folding and faulting, as well 
as in \he development of related planar/linear features. These three events are primarily 
responsible for the present distribution oflithostratigraphic units, and for the overall 
structural grain in the Notre Dame Bay area. 
Only a few structural elements in the area of study can be unequivocally ascribed to a 
major extensional event, and most extensional structures (e.g. sh~ar bands, minor listric 
faults, extensional reactivation of some thrust faults) can be readily incorporated into 
otherwise contractional events. Two aspects of the geological makeup of the Notre Dame 
Bay area are thought to provide evidence of ex-tensional phase3 in the history of the area. 
One of them is the presence of widespread Silurian magmatism (Whalen, 1986, 1989; Coyle 
and Strong, 1987; Coyle, 1990), and the other is the existence of a small red bed unit in the 
King's Point area, that is interpreted to be of Carboniferous age (Kean and Evans, 1987a, 
b). However, there is little evidence in the area that these two potentially extensional events 
have significantly influenced the structural evolution of the western Notre Dame Bay area. 
6.3 .1 Dl DEFORMATION 
The D I deformation is reflected in the presence of "chlorite schist zones" in the 
Lushs Bight Group, some ofwhich are hosts to the sulphide mineralization (e.g. 
Fleming, 1971; Kennedy and DeGrace, 1972; Kean and Evans, 1989). Kennedy and 
DeGrace ( 1972) interpreted these zones to be early structures resulting fi·om the 
imposition of a regional penetrative foliation on an earlier inhomogeneous fhbric. Two 
of the chlorite schist zones were studied in some detail during this study, one in the 
Whalesback Mine area, and the other in the Little Bay Mine. Each of the zones was the 
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focus of several deformational events. The S l/S2 foliation is developed heterogeneously 
and varies from a truly mylonitic fabric within high strain chloritic shear zones. to a 
weakly developed schistosity affe,ting only pillow margins barely a few meters away 
from the zones. 
In the Little Bay Mine, the shear zone contains layers of pyrite (+/-quartz) 
interlayered with chloritic schist. The pyrite/quartz layers are in places strongly 
boudinaged, forming subvertical elongate lozenges. The boudins are most commonly of 
the "pull-apart" type, indicating that they are a elated to a subhorizontal stretching. The 
boudins are characterized by wing-like appendages (visible in perpendicular cross 
sections), the shape of which indicates devdopment in a dextral strike-slip regime (e.g . 
Hanmer and Passchier, 1991). The "wings" in some ofboudins are also deformed by 
shear bands that additionally support development of these boudins in dextral strike-slip. 
The intervening chlorite schist is folded around subhorizontal axes parallel to the shear 
zone; whereas, flattened pillow lavas that surround the zone are cut by the steeply south 
dipping, mesoscopic shear bands. Evidently, original subhorizontal stretching and 
formation ofboudins was related to a different event, than that which produced 
subhorizontal folds in chloritic schist and southerly-dipping shear bands in the pillow 
lava, both of which indicate northwest-directed, high angle reverse faulting. 
Volcanic and subvolcanic rocks of the Lushs Bight and Western Arm Groups are 
typically intruded by pyroxene- and amphibole-plagioclase-phyric dykes. The dykes 
intrude only the lower part of the Western Arm Group, including the Big Hill Basalt, and 
dykes have not been observed in the Welsh Cove and Western Head formations. The 
dykes are especially common within or near D 1 chloritic shear zones, and this is 
particularly evident in the Little Bay and Whalesback mines. A dyke from the latter area 
was isotopically dated at 493 +/-5 Ma (see Chapter 3). The Dl shear zones arc intruded 
by dykes, mostly en-echelon but locally conjugate(?) to the main trend (Fig. 6 . 7 and 
Appendix E, Fig. E-i). The mean orientation of the predominantly en-echelon dykes in 
the Little Bay mine area is 89.5=>288 (Fig. 6.7), which suggests extension in the 
direction -108-288°. In the Whalesback mine area, dykes form two en-echelon sets 
intruding at 88.5=>128 and at 89=>003 (Appendix E, Fig. E-i). The dykes account for a 
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cumulative E-W extension of approximately 3-4% in the immediate area of the Little Bay 
Mine "glory hole" (fig. 6.7) 
Only the first set of dykes cuts the Whalesback shear zone, and it is significant 
that this particular set of dykes forms a relatively large scatter on the stereogram; 
whereas, the E-W trending dykes form a relatively tight cluster (Appendix E, Fig. E-i). 
The majority of the dykes are planar, but some exhibit buckling interpreted to be related 
to anti clockwise rotation and reflected in the scatter of data on the stereogram. 
Together with a slight bend at their terminations, this supports the strong possibility of a 
late-kinematic emplacement. Moreover, several dykes studied in the Whalesback and 
Little Bay mines show evidence for a slight sinistral slip along their margins, which is 
reflected in a minor "drag" folding of the foliation at the dyke margins. 
6.3.2 D2 DEFORMATION 
The 02 event produced the earliest, regionally recognizable deformation in the 
western Notre Dame Bay area. It is manifested on a large scale, by predominantly NE- to 
NNE-trending tight to isoclinal folds. A large bulk D2 shortening strain resulting from 
tight to isoclinal folding is reflected in transposition ofbedding into parallelism with the 
S2 fabric (e g. in volcaniclastic rocks and cherts of the Western Arm Group). Th~ D2 
deformation resulted in a heterogeneously developed S2 foliation, that post-dates 
greenschist facies metamorphism. The S2 foliation varies in style from a weekly 
developed axial planar cleavage visible only in the chloritized margins of pillows, to a 
truly mylonitic fabric in "chloritic" shear zones- zones of high strain. Commonly, 
aggregates and '.:ins of epidote are crosscut and deformed by cleavage, or surrounded 
by cleavage which au gens around clots of epidote. This suggests that alteration affecting 
the Little Bay Basalt is older than the first penetrative deformation (see also Marten, 
1971a). 
A locally well developed mineral stretching lineation with consistently steep 
plunges is observed on the S2 cleavage planes, particularly in the Lushs Bight Group 
pillow lavas, but also in rocks of the Western Arm Group in the northwestern part of the 
Catchers Pond section. In the western part of the study area, this lineation plunges 
vertically to steeply NNW. Although data are very limited in the eastern part of the area, 
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the relationship between S2 and L2 appear to be very similar. Most likely both the S:! 
and an associated L2 lineation resulted from the same event, controlled by a simple shear 
deformational event with the initial (prior to steepening by the DS event) azimuth of the 
stretching direction indicating the shear direction. 
F2 folds range in scale and their wavelength varies from tens to hundreds of 
meters, but they have not been observed at outcrop scale. The character of titcse 
predominantly macroscopic F2 folds can be deduced in outcrops by inspection of the 
relationship between bedding and cleavage, which permits the identification of normal 
and overturned limbs. Locally, where bedding has been transposed into the cleavage. 
folds have been delineated by following contacts between different lithological units 
rather than by relying on angular relationships between bedding and cleavage. This 
approach combined with sparse evidence for the overturning of stratified units, 
confirmed the previously inferred presence of an overturned limb in the area south of 
King's Point (MacLean, 1947; DeGrace, 1971 ). Regional considerations. including 
interpolation of field observations within larger fault panels, indicate that most ofthe 
Western Domain ofthe study area is located on the lower, overturned limb of a gently 
inclined to possibly recumbent (ifthe roll-back resulting from DS thrusting is taken under 
consideration), east-facing and east-closing fold. The macroscopic parasitic folds are 
predominantly tight to perhaps isoclinal, and display well developed axial planar 
cleavage. The folds are approaching class two of fold profiles (similar style), with 
variably attenuated limbs, and poorly recognizable to non-existent hinges (considered to 
be faulted off by Kean et al., 1995). This type of "hingeless" folds resulted from the 
transposition ofbedding into the S2 foliation and is especially common within the Lushs 
Bight Group pillowed flows. 
The absolute age of the D2 event is not known, but at least one line of evidence 
suggests that the Colchester and Coopers Cove pluton, dated at 465 +/- 2.5, is late to 
immediately post-kinematic with respect to 02. Foliation within the pluton parallels that 
of the volcanic/subvolcanic host rock and it is considered to be the S2. Locally in the 
marginal dioritic zone of the pluton, well foliated mafic xenoliths are present in which the 
fabric parallels the S2, although the fabric in the diorite is less evolved than in xenoliths. 
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The central zone of the Colchester pluton consisting of granophyric granodiorite, 
contains only a minor amount of schistose inclusions, but the host rock shows only the 
cataclastic texture. Sayeed ( 1970) reported a strongly cataclastic contact in the 
Colchester pluton, between marginal diorite and quartz monzonite, with the zone of 
cataclasis having been intruded by swarms of felsic dykes. The well-developed fabric in 
the marginal zone of both plutons (hornblende, biotite and chlorite al:gnment) conforms 
to the crystal plastic strain type of Hutton ( 1987), i.e. deformation affected the 
granodiorite after full crystallisation, although with enough heat preserved in the system 
to allow at least partial plastic deformation. 
6.3.3 03 DEFORMATION 
The OJ deformation is to a large degree responsible for the present distribution of 
lithostratigraphic and structural units within the Notre Dame Bay area. The OJ 
deformation is characterized by the emplacement of a previously assembled, regional 
scale, F2 recumbent fold (i.e. alpine style fold nappe; e.g. Ramsay, 1981; McClay, 
1991) upon rocks ofthe Roberts Arm Group and the overlying volcanic and sedimentary 
rocks of the Springdale Group. Folds associated with this event are northeast-trending 
and asymmetric in the hangingwall (i.e. within the nappe itself), but mostly concentric in 
the footwall (i .e. Springdale Group rocks). 
The further imbrication of the nappe and incorporation into a southeasterly 
verging fold and thrust belt also probably occurred during the OJ event, but may 
represent a separate, latter phase of deformation. The fragmentation cf the nappe and the 
formation of a large scale east-southeast verging imbricate fan was associated with a 
development ofhangingwall antiforms (exposing younger rocks) and footwall synforms 
(in which the lower parts of the stratigraphy are now preserved). Sparsely developed S3 
axial planar cleavage is generally very difficult to distinguish from S2, especially within 
the Lushs Bight Group. However, along the Catchers Brook Fault, the S3 foliation is 
locally present in rocks of the Western Arm Group where it dips WNW and cuts across 
the S2 cleavage. The dip of the S3 foliation may be up to 30° shallower than that of S2 
fabric away from 03 high strain zones such as the Davis Pond Fault. Along the Davis 
Pond Fault it is impossible distinguish between the S2 and S3 foliations, perhaps because 
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S2 is transposed into the SJ cleavage. The SJ planes, similarly to S~. contain in placc=s a 
well defined down-dip mineral stretching lineation, which also plunges at a more shallow 
angle than its L2 equivalent. 
Several DJ folds in the Western Domain differ in trend and plunge from the 
general regional trend and plunge of 03 folds. Those are described below in sections 
dealing with with structures within the individual fault panels. 
The style of the 03 deformation differs from 02 in the development of numerous 
brittle-plastic shear zones (of which the Davis Pond Fault is good example) and 
associated, dominantly brittle, imbricate thrust systems (Boyer and Elliot. I 9X2) in tht· 
Ordovician hangingwall rocks and in the Silurian footwall rocks. A foreland dipping 
duplex south of the Catchers Brook Fault involving rocks of the Springdale Group is one 
ofthe best examples of the latter structural style. 
Within the Eastern Domain, evidence for the 03 deformation is difficult to sec as 
it is largely overprinted by the 04 deformation. The existence of the D 1 event can he 
convincingly demonstrated only within the Lobster Cove Fault shear zone (sec section on 
the fault below), away from which structures thought to be related to DJ arc rare (Fig 
6.8). 
6.3 .4 D4 DEFORMATION 
The D4 deformation affected primarily the eastern part of the study area This 
event was a non-penetrative contraction approximately parallel to the trend of the IH 
fold and thrust system in the western part of the area. It is reflected best in folding and 
rotation of the sole thrust to the nappe, the Lobster Cove Fault, which is subhorizontal in 
the Springdale area, nearly north-dipping and vertical on Sunday Cove Island, and 
overturned and south dipping on Pilley's Island and Triton Island. The deformation 
produced folds with approximately NW-SE trending, SE plunging axes, and was 
associated with an intense imbrication of the part of the nappe included in the Eastern 
Domain, which resulted in formation of a NE verging fold and thrust belt Similar, but 
less intense, deformation has been recognized in the Northern Domain. 
No penetrative cleavage is associated with the D4 event. Locally in zones of high 
strain associated with the southwesterly dipping thrusts, a new cleavage was developed, 
. . . ' . . / 
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that on average i~ slightly shallower than, but similar in strike to, pre-existing, rotated 
S211('') The imbrication is particularly intense in chens and mafic tuiTs of the Skeleton 
Pond fi1rmation. and the:,\! commonly form macroscopic to mesoscopic duplexes (Figs. 
6 . <J and 6 I 0 ), which arc enclosed by larger scale imbricate systems developed in 
overlying and underlying pillow lavas of the Western Arm Group. 
The F4 folds plunge approximately towards the east, but their axes and D4 
thrusts "wrap" around the outcrop of the Brighton Complex, having a SE azimuth on 
Pilley's Island, an ESE azimuth in western -friton Island, and an ENE azimuth in eastern 
Triton Island This shape of the D4 fold and thrust belt indicates that the Brighton 
Complex was not i: .. 0ricated and/or incorporated into the belt, but instead formt.J a rigid 
obstacle for the propagating llclt. This indented shape of the belt is in contrast to the 
straight outline of the southern shore of Long Island, that is separated from Pilley's and 
Triton Islands by the Long Island Tickle Fault. Pigeon Island, an islet off the Long 
Island's southern shore, consists of altered gabbro and serpentinite blocks in a 
carboniti1.ed, strongly sheared matrix, which is characterized by an omnipresent C-S 
mylonitic fabric (Fig. 6 . I 1 ). Orientation of sympathetic shear fractures in several gabbro 
nlocks implies sinistral strike-slip (Fig. 6.12); whereas, :he C-S mylonites reveal oblique 
thmsting in a NE direction. 
In the Northern Domain, ti1e 04 deformation is reflected by the presence of a 
large scak regional fold, anticline-syncline pair, with a gently southeastuly-plunging and 
trending axis. In this area, deformation produced an axial planar cleavage, confined to 
zones of higher strain that are typically localized in narrow hinges and on steep to locally 
ovcnurncd limbs of tight folds in the Wild Bight area. In places in the Wild Bight area, 
bedding of the Pigeon I lead Formation rocks is trans;JOsed into the cleavage. 
Everywhere in the Northern Domain, the 04 event is associated with north-directed 
t(llding and thrusting on smaller scale. 
The impact of the 04 event in the We!:tem Domain is unknown; no structures 
~umparable to the nonh-verging fold and thrust belt in the Eastern Domain have been 
rc~~'gnizcd in the west 
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6.3 .5 05 DF.FORMATION 
The DS deformation produced a nonhwcst verging, NE-SW trending ti.,ld and 
thrust belt, that is predominantly manifested by variably sized folds in the East~rn and 
Northern Domains, but mainly by high-angle reverse faults in the Western Domain The 
DS folds form a wide variety of styles, and exhibit major ditTcrcnces in their shap~s. 
interlimb angles and profile geometry. Bedding, and to some extent pre-existing 
cleavage, still have a strong mechanical control on folding, but at this stage major 
di!':erences are controlled mainly by the shape of early fold profiles (e.g . Watkinson, 
1981). 
The FS fold system forms a well defined pattern c 'l a regional scale and producl'S 
a relatively complex fold interference pattern, which vades from the "crcsu:nt anJ 
mushroom" (type 2), to more complex "double zigzag" (type 3) patterns (Ramsay, 
1967). The simple "dome and basin" (type I) pattern is less common and mostly 
observed in the Northern Domain, probably because of the fact that well developed early 
F2 folds in the Western and Eastern domains were mainly isoclinal. This is consistent 
with the observations of Skjemaa ( 1975 ), who noted, that the type I interference pattern 
forms only when early folds are open, and it disappears when early folds are isoclinal (sec 
also Watkinson, 1981). 
A large, NE-SW trending and SW plunging regional FS anticline dominates the 
southern part of Long Island and forms a large domal culmination off-shore within Wild 
Bight, as a result of interference with an early NW -SE trending fold Parasitic D5 folds 
were observed in several exposures along the shore of Wild Bight, but it was not 
possible to follow any ofthem for any distance, because of the complexity of interference 
pattern, and the dense system of high angle reverse faults associated with those folds 
The FS faults are slightly overturned towards the northwest; whereas, the associated 
axial planar cleavage and high angle reverse faults dip steeply towards the SE. There, 
the resulting interference pattern is of type 1 and the dominant fold trend changes from 
panel to panel. The overall large scale interference pattern for whole island is 1(:->2) 
The structural geometry on both Pilley's and Triton Islands is controlled by a 
similar fold and thrust system, which also involves the Lobster Cove Fault. Red beds, as 
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well as the Robert's Arm Group to the south of the fault (see section on the fault), are 
aligned with the fold . It is not clear which fold system is dominant on Triton Island, 
since the F5 fold and thrust system is approximately co-axial with F4 in the eastern part 
of the island and since one amplifies the other, the interference pattern cannot be clearly 
distinguished. In the western part of Triton Island and on Pilley's Island, the FS fold 
system overprints the F4 with an angular relationship and the resulting interference 
pattern is of type 2( =>I). Sunday Cove Island displays a large scale I =->2) interference 
pattern between the F4 ar.d FS fold systems; whereas, on Halls Bay Head, the 
interfc:rcnce pattern is present, but the F4 dominates and controls the pattern. 
In the Western Domain, the 05 defonnational event is predominantly reflected in 
northwest-directed high angle reverse faulting, which includes reactivation of some of 
the suitably-oriented 03 thrust planes. Locally developed, southwester'y dipping shear 
bands present in pillow lavas of the Lushs Bight Group (Fig. 6 .13) are thought to be 
related to this event. The late Dl dykes in the Whalesback area are also affected by 
northwest directed high angl~ reverse faulting, which is here attributed to 05. Some 
dykes exhibit discrete deformation in the fonn of an anastomosing chloritic/sericitic 
fabric surrounding competent phenocrysts of pyroxene, which produced domino 
structures in response to shearing (Fig. 6 . 14a and b). Shear fracturing of these 
competent pyroxene phenocrysts suggests that the dykes were affected by 
post-emplacement, northwest-directed, high angle reverse faulting. 
The main structures in the Western Domain thought to be formed during the 05 
event, are hinterland-dipping duplexes, such as that within units of the Western Arm 
Group in the Western Arm area. This structure apparently developed by the collapse of a 
footwall to the Mistaken Pond Panel, which during this event was moved in the NNW 
dire(;tion. More importantly, the Mi!'.taken Pond Panel is thrust partially over the 
Southwest Arm Panel in the King's Point area, where that panel is covered by red beds of 
the probable Carboniferous age (e.g. Kean and Evans, 1987). As a result of the 
thrusting, red beds are folded and possibly provide the lower bracket for the age of the 
DS event. 
6- 17 
6.4 Structural Geometry 
The structural geometry oft he Notre Dame Bay area is complex. Orientation data tor 
the study area as a whole suggest that it can be considered in tcrnls of three internally. fairly 
homogenous, structural domains: Western, Eastern and Northern (Fig. 6. I) Ea..:h of the 
domains consists of a number of rectangular, laterally discontinuous fault-bounded panels, 
surrounded by moderately- to steeply-dipping, brittle to ductile shear zones The nearly 
down-dip elongation lineation in the S2 foliation plane and associated kinematic indicators. 
together with stratigraphic evidence attests to the contractional nature of the shear :t.oncs 
and indicates that they are thrust faults. The structures repeat parts of the stratigraphy; 
however, it is rarely possible to apply stratigraphic criteria to the evaluation of main 
structural features in the area because of overprinting by younger folding and thmsting 
events. This results in problems in establishing the number of events, assigning various 
structures to particular events, and determining the age relationship between the events. 
6 .4 .1 WESTERN DOMAIN 
The Western Domain is bounded to the west by the Green Bay Fault, which 
occupies a deep, northeasterly trending valley filled in part by the waters of Southwest 
Arm. This domain comprises at least three major thrust sheets, which arc incorporated 
into a southeasterly verging fold and thrust belt. The domain can be subdivided into 
several large fault panels (Eg. 6 .2), which evolved mainly during the D2, OJ and DS 
events, and are separated by major thrust faults, many of which show evidence of 
multiple reactivation. Subsidiary thrusts divide the panels into smaller horses to foml 
secondary imbricate fans or duplexes, that are refolded by subsequent deformations. 
Thus, some of the fault panels are further subdivided to reflect this complexity. The 
Western Domain displays many structural similarities to fold and thrust belts within the 
Buchans-Roberts Arm Belt (Thurlow and Swanson, 1987; Caton and Green, 1987; Pope 
and Caton, 1990). 
The major listric panels separating thrust faults in the eastern part of the Western 
Domain clearly merge in the area west of Springdale and along Indian Brook. This 
indicates that in this part of the domain, rocks are incorporated into a southeasterly 
' , -- --A ---- - ' • \ 
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vcrgent large scale imbricate fan, in which thrust faults occurring as brittle/ductile shear 
zones dip steeply to the northwest. Those main thrust faults seem have originated in 
main F3 footwall synforms and were formed parallel to the F3 fold axial surfaces. 
64 I . I Catchers Pond P'!nel 
The Catchers Pond Panel comprises the southwestern-most section of the 
Western Arm Group rocks in the Notre Dame Bay area. It is bounded to the northwest 
by the Green Bay Fault, and to the south by the Lobster Cove Fault (Fig. 6 2). The 
eastern boundary ofthe panel is much more complicated. The northern segment ofthis 
boundary is formed by the Catchers Brook Fault, the north to northeasterly dipping, 
folded floor thrust to the Mistaken Pond Panel (see below). In the footwall of the 
Catchers Brook Fault, both fdsic rocks of the Western Arm Group and the Springdale 
Group arc imbricated and assembled into a SE verging, foreland-dipping duplex (Figs 
6 . 1 S and 6.16) The N-S trending southern segment of the boundary between 
Ordovician and Silurian rocks strikes at nearly right angle to, and eventually disappears 
beneath or joins, the Catchers Brook Fault. This fault is dipping easterly and is 
interpreted to form the sole thrust to the above mentioned foreland-dipping duplex 
involving rocks of the Western Arm Group, the Silurian Springdale Group and younger 
red beds (Fig. 6. 15). llorses within the duplex involving Silurian rocks are further 
folded into a syncline with an axi j trending 41-> l 00; the northern limb of this syncline 
swings into a trend parallel to the Catchers Brook Fault. 
The main structure of the panel is thought to be dominated by a large, 
southwesterly plunging, 02 antiform. In numerous outcrops in the southeastern part of 
the panel, bedding dips are steeper than cleavage and this, in combination with the 
upward-f.'lcing of rock units and the overall SW plunge ofthe structure (Appendix E, 
figE-ii) indicates an antiformal syncline. This 02 antiformal syncline is divided into 
two smaller antiforms by a relatively tight and narrow 03 synformal anticline- the same 
structure which refolds the Mistaken Pond Panel (see below). As a result, the overall 
profile ofthe fold is ofM-type. The southeastern antiform is overturned slightly to the 
southeast, and is additionally refolded. The distribution of bedding and the S2 cleavage 
orientation data on the stereogram indicates that both are refolded about very steep 
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axes (Appendix E, Fig. E-ii). As a result of this folding, the northeastern segment of 
the antiform changes the direction, swings in•.o the E-W trend and follows the (all: hers 
Brook Fault towards the east. A type 3 macroscopic interference pattern (Ramsay, 
1967) has formed where the latter fold overprints the pre-existing F2 fold system 
characterized by tight to isoclinal folds overturned towards the SE. 
6.4.1 .2 Mistaken Pond Panel 
The Mistaken Pond Panel is located southeast of King's Point and is bounded by 
the Davis Pond - Deer Pond Fault in the east, the Southern Arm - South Brook fault in 
the northwest, and the Catchers Brook Fault in the south (Fig. 6.2) The Mistahn Pond 
Panel is thrust over the Catchers Pond Pa:1el along the Catchers Hrook - I larry's Brook 
Fault. In addition to the main panel, it probably includes an isolated slice (i e . klippt!) 
that overlies the Catchers Pond Panel to the north, as well as even larger klippc(n) 
preserved on the western slope of the valley occupied by the Green Bay Fault, nortiH:ast 
of Rattling Brook. 
MacLean (1947) and DeGrace (1971) found that rocks south of King's Point 
which are included in this panel form the lower limb of a "southerly" overturned 
anticline; that finding was verified during this study. The Western Arm Group rocks 
exposed in the southwestern part of the panel display an S2 cleavage which is 
commonly more shallow than bedding, indicating that they are a regionally downward -
facing sequence on an overturned limb of a southeasterly-closing recumbent antidinc. 
The central and northern part of the panel is underlain by the deformed pillowed flows 
of the Little Bay Basalt, therefore the stratigraphic and structural criteria cannot be 
used in the analysis of greater part of the panel. 
Two other panels, the Little Bay Panel and Gull Pond Panel, adjacent to the 
Mistaken Pond Panel in the east, are thought to contain more fragments of this same 
lower limb of the overturned anticline. 
In the western part of the panel, the swing in bedding and S2 cleavage 
orientations defines a large scale synform south of King's Point . On a stereogram, SO 
and the S2 cleavage define a partial girdle, indicating that the synform has an axis with a 
plunge of 53=>38 and 46=>36, respectively~ whereas, the fold system in the entire 
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panel is characterized by a mean axis 54=>049 (Appendix E, Fig. E-iv) . The 
distribution of data shows that the 03 folds are fairly cylindrical, especially when the 
isoclinal/overturned character of F2 is taken into consideration. 
The two faults, that cut a SE verging, foreland dipping duplex, involving rocks of 
the Springdale and Western Arm Groups in the footwall ofthe Mistaken Pond Panel, 
do not cut across the Mistaken Pond Panel, but appear to generate in it a 03 
anticline-syncline pair. Those faults are intc!'preted to be blind thmsts, because they do 
not emerge in the Mistaken Pond Panel, but are compensated by 03 folding and 
cleavage development. 
6.4.1.3 Southwest Arm Panel 
The Southwest Arm Panel is bounded in the west by the West Brook- Nickey's 
Nost> Cove Fault, along which it is overthrust in the northwest .:iirection by the Line 
Pond Panel. The Southwest Arm Panel is characterized by the presence of two distinct 
sections, separated by a fault of indeterminate kinematic history, the southeastern 
termination of which is overlain by the Line Pond Panel (see below). 
The southern section, here referred to as the Coopers Cove-Colchester section, 
consists of a complex, northwest verging duplex, horses of which incorporate fragments 
of the Coopers Cove and Colchester plutons, their host rocks, and undivided volcanic 
rocks of the Lushs Bight and Western Arm groups. The S2 cleavage data from volcanic 
and volcaniclastic rocks hosting the Coopers Cove pluton plot around the margin the 
stereogram (Appendix E, Fig.E-iv) indicating the presence of a refolded fold. A similar 
distribution was previously identified from a much larger data base on stereograms 
presented by Sayeed ( 1970). The S2 data for the Coopers Cove pluton itself define a 
girdle and the probable axis of an F3 fold trending 70=>012 (Appendix E, Fig.E-iv). 
llowever, a number of observed S2/S3 intersection lineations plunge at various angles 
towards the west and are not compatible with that axis. The S2 data from the 
Colchester pluton area ddine a girdle and an axis of78->122 (Appendix E, Fig.E-iv). 
Such a large discrepancy in the orientation of constructed fold axes from this relatively 
small area is interpreted to be related to intense refolding of the F2 folds by F3 folds 
and /or to the imbrication of thrust sheet(s) containing both plutons. 
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The very SCiuthwestem end of the Coopers Cove-Colchester sc~tion is overlain 
unconformably by red sandstone and conglomerate and sparse limestone beds uf 
presumed Lower Carboniferous age. The sedimentary succession oc~upies a minor 
syncline, which is mainly under the waters of Southwest Arm; however, there is 
sufficient exposure to determine that red beds are overridden in the northwesterly 
direction by the Mistaken Pond Panel and folded at the fault contact with that panel 
producing an FS fold . Numerous minor folds are found v·ithin the silty laminae in that 
succession which have an appearance of ripplcmarks but a well-developed axial 
cleavage and are thought to be related to the DS event. Axes of these minor folds with 
a mean= 27=>214 coincide with an axis 26=>224 constructed from the strongly 
clustered bedding data (Appendix E, Fig.E-v). 
The northern section, here termed the Jackson's Cove section, is composite and 
contains at least two thrust sheets. The lower thrust sheet contains rocks of the Western 
Arm Group thai are upright and exposed in Shiily Cove, Eastern Point and Nickey's 
Nose around the edges of the Jackson's Cove section. The upper thrust sheet contains 
rocks of the Lushs Bight Group. The Jackson's Cove section is dominated by a 
southerly plunging syncline that is parallel to the regional NE trend and swings and 
plunges towards the west (see also Sayeed, 1970), folded around a subvcrtical axis. The 
swing in the trend of the fold is spatially associated with and parallel to the faulted 
contact between the Jackson's Cove and Coopers Cove-Colchester blocks, similar to 
relationships observed in the Catchers Brook antiform,. 
6.4.1.4 Line Pond Panel 
The Line Pond Panel is a narrow NE-SW trending block bounded by the West 
Brook Fault in the west and Southwest Brook fault in the east. The latter divides this 
panel from the Sugar Loaves Panel (see below). Rocks of the panel arc thrust upon 
the Southwest Arm Panel. The Line Pond Panel is dominated by the Lushs Bight 
pillow lavas, both tholeiites and boninites, which are most likely overturned and overlie 
structurally cherts and pillow lavas of the Western Arm Group. The whole sequence is 
folded by a synform-antiform pair, with rocks of the Western Arm Group exposed in a 
core of the antiform in the bottom of Western Arm. 
' . 
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f!..4 J..2...S.JJ_g_a,r Loay~_f~ 
The Sugar Loaves Panel is bounded by the Southwest Brook fault to the west 
and the Southern Arm- South Brook Fault to the east. The Harry's Harbour section, 
located on the western side of Western Arm, is also in~1uded in this panel. The Sugar 
Loaves Panel differs from all other panels in the Western Domain, in that it exhibits 
upward-facing volcanic units which, combined with the recorded bedding/cleavage 
relationship (cleavage always steeper than bedding), indicate an upper, normal limb of 
the southeasterly closing regional anticline. Of all panels in the Western Domain, the 
Sugar Loaves Panel displays most convincingly the presence of two major fold- and 
thrust-producing events. It comprises a large, southeasterly verging 02(3?) syncline-
anticline pair with an axial planar cleavage, overprinted by a northwesterly verging 05 
imbricate fan. The imbricate fan is clearly formed in the footwall of the Middle Arm 
Fault, and it is here interpreted to include a long and narrow block bounded by the 
Middle Ann and Southern Arm faults (c.f Marten, 197la, b). This suggestion is based 
upon the fact that in this block, as in the rest of the Sugar Loaves Panel but unlike the 
rest of the Western Domain, the rocks are upward-facing. 
It is not clear whether the southeasterly verging fold belt in the Sugar Loaves 
Panel is related to the 02 or 03 event, since there appears to be only one generation of 
cleavage. Measurements of bedding and cleavage planes define the northeasterly 
plunging axis for the fold system (Appendix E, Fig.E-vi). The SO/S2(3?) intersection 
lineations generally plot around the axis 41 =>046 (Appendix E, Fig.E-vi), although in 
the Harry's Harbour section, the orientation ofthe axis defined by the intersection 
lineations, is 52=>087 (Appendix E, Fig.E-vii). This suggests that the Harry's Harbour 
section has undergone some rotation with respect to the Western Arm section, possibly 
along a fault in Western Ann which separates them. A few minor folds associated with 
a poorly developed cleavage and plunging to the l'IIW were mapped in the Harry's 
Harbour Section, but their timing with respect to the other generation of folds and the 
associated cleavage is unknown. 
6.4.1.6 Little Bay Panel 
The Little Bay Panel is separated from the Mistaken Pond Panel by linked 
segments of several faults that include the Davis Pond, Deer Pond and the Southern 
Arm Faults. In the east it is bounded by the Little Bay Arm and Gull Pond Faults. whil·h 
separate it from the Gull Pond Panel. The Little Bay Panel incorporates predominantly 
sheeted dykes and pillow lavas of the Lushs Bight Group, locally with variable but 
substantial amounts (>25%) of diabase dykes and sills. In the very southern part of th~ 
Little Bay Panel there is an outcrop of felsic tuffs and possible flows tentatively 
included in the Western Arm Group. The overall structure of the panel is intcrpn~tcd to 
be an imbricated synfonnal anticline, with the sheeted dykes in the core of the synform 
and pillowed flows on the margins of the panel. Felsic volcanic rod.s and minor malic 
tuffs are exposed at southern termination of the panel ncar the Lobster Cove Fault S2 
and S3 cleavage orientations for the panel plot on a stereogram in the form of a 
scattered cluster (Appendix E, Fig. E-viii). 
In the north, the Little Bay Panel is divided int.> three smaller blocks. that are 
flanked symmetrically by two larger, northeasterly trending faults subparallel to the 
boundaries of the panel. Between these and the two panel bounding faults. smaller 
steeply southeasterly dipping to vertical en-echelon faults define a series of lcnsoid 
horses. Such geometry (Fig. 6.17) is typical of strike-slip duplexes formed by 
duplexing on straights (Woodcock and Fischer, 1986). Assuming that the panel is 
correctly interpreted as facing downwards, the apparent sense of movement dcdlll:cd 
from the fault pattern and from the fact that sheeted dykes are preserved in central 
horses ofthe duplexes rather than in marginal ones, is dextral strike slip (Fig. 6 17) with 
an extensional geometry of the duplexes. Alternatively, since most field cvidcm.:e 
indicates that the structures have a contractional character, this may be a contra(;tional 
duplex formed in a sinistral strike-slip regime. 
Observations along the Davis Pond Faults and faults in the Whalesback and Little 
Bay mine areas provide evidence of a multiple deformational history which includes 
sinistral and dextral strike-slip and down-dip displacement. 
. . ------------------ ------- -- -
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6 4 I 7 Gull P9_ndY11n~L 
The Gull Pond Panel occupies a large area between the Little Bay Arm and Gull 
Pond faults in the west, and the Lobster Cove and Halls Bay faults in the east. Because 
only southern and the very northern terminations ofthe panel were covered with 
traverses during this study, the internal geological relationships are relatively poorly 
unclcrstood. The northeastern segment of the Gull Pond Fault divides the panel into two 
areas, but not enough is known about the structure of the panel to justify any further 
division The southwestern part of the panel is underlain by folded and refolded rocks of 
the Lushs Bight and Western Arm Groups, but central and northeastern areas are 
underlain predominantly by pillowed flows of the Lushs Bight Group. Cursory 
observations in the southern part of the panel suggest that this is most likely an 
overturned sequence similar to other panels in the Western Domain . Although bedding 
tops have not been convincingly established, the overall lithostratigraphic order implies 
a younging direction of the volcanic sequence towards the Lobster Cove Fault. Felsic 
volcanic tuffs, strongly magnetic mafic flows, and mafic tuff-breccia, all characteristic 
of the Western Arm Group, are typically found lower in the sequence in fault contact 
with red beds along most of the fault exposure in the Western Domain. The strongly 
altered pillowed flows and the associated lavas with sills and dykes characteristic of the 
Lushs Bight Group are higher in the volcanic pile and crop out consistently away from 
the l"ault (see also below, section on the Lobster Cove Fault). 
64.] E_ASTERN DOMAIN 
The Eastern Domain covers the area from Fox Neck in the northwest to Triton 
Island in the east, and includes Halls Bay Head on the Springdale Peninsula, and most of 
Sunday Cove and Pilley's Islands. The Eastern Domain is not easily divisible into fault 
panels because of the lack of continuous exposure and the fact that islands in the east 
(Pilley's and Triton Islands) are topped by a higher thrust sheet(s) and progressively 
younger lithostratigraphic units. Yet, many ofthe Eastern Domain panels can be linked 
to its "parent" panel in the Western Domain on the basis of its lithostratigraphic and 
structural position with respect to other pan~ls. 
The major structural difference between the Western and Eastern domains is the 
direction in which the regional planar elements strike and dip. The Western D(llllain is 
characterized by the NE striking foliation(s) and faults (see above). and by generally 
steep (frequently NW) to vertical dips; whereas, the Eastern Domain exhibits a regional 
structural grain ranging from SE in the west t\> ENE in the east, with mainly southerly 
dips of foliations and faults. The change in fabric orientations forn1s part of a structure 
referred to by Church ( 1965) as the Notre Dan1e Orocline. 
This structural transition from the Western to Eastern Domain is best cvin~cd in 
the Halls Bay Head area in the very eastern part of the Springdale Peninsula, and in the 
Fox Neck area. On Halls Bay Head it is reflected in the swing of the NE striking 
foliations and faults characteristic of the Western Domain, towards generally SE regional 
trend in this part ofthe Eastern Domain. 
Fox Neck is a very narrow, northeast trending cape east of Beach side I !ere. the 
contact between the Western and Eastern Domains is displayed by a very abrupt change 
from the typically NE trend of structural elements in the Western Domain to the SE 
direction of planar elements in Eastern Domain. The Eastern Domain ht~rc appears to 
overlie the Western Domain, which dips southeasterly beneath the former. 
Most ofthe observations and structural measurements referred to below, ar~ from 
these two areas. Sunday Cove Island was covered only by a few brief traverses. and 
although observations made allowed the recognition of a few !'ault panels similar to those 
present in the Halls Bay Head and Fox Neck areas, the detailed structural geometry of 
the Sunday Cove sub-dvmain is not well understood. 
The Pilley's and Triton Islands differ considerably from the remainder of the 
Eastern Domain. The clear continuity of the panels observed between the Fox Neck, 
Halls Bay Head and Sunday Cove Island areas is absent and correlations between fault 
pands on the Pilley's and Triton Islands and those to the west is less obvious. Only two 
panels are designated within the Pilley's and Triton Islands 
6.4.2.1 Gull Pond Panel 
The Gull Pond Panel, southern-most in the Halls Bay I lead and Sunday Cove 
Island areas, is underlain by pillow lavas of the Lushs Bight Group, with some minor 
\ ·- - ------------- --- - ' _. 
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argillite, chert and mafic tuff, and bounded by the Saltwater Pond fault to the 
northwest, the Ward llarbour fault (Maclean, 1947; Donohoe, 1968) to the northeast 
and the Lobster Cove Fault to the south. 
The Gull Pond Panel is the only panel in the Eastern Domain, which in the Halls 
Bay I lead area, clearly displays a swing in the orientation of planar fabrics from those 
typical of the Western Domain, to those typical of the Eastern Domain. The hinge 
region of the fold is delineated by changes in trends ofbedding, S2 cleavage and 
regional faults, and to the south by folding of the Lobster Cove Fault. Using bedding 
data from red bed exposures along the Lobster Cove Fault on both limbs of this fold 
(one north of Springdale, and the other on Sunday Cove Island), a regional axis of 
approximately 70->355 has been constructed 
Unlike the Lobster Cove Fault, the Ward Harbour Fault, which divides the Gull 
Pond and Little Bay PCJnels in the Halls Bay I lead area and on Sunday Cove Island, 
strikes northwestctly and dips northeasterly. In the China Head area (northwestern 
shore of Sunday Cove island), a splay of the Ward Harbour Fault brings a horse of the 
Little Bay Panel (sheeted dykes with screens of pillow lava) on the top of the Gull Pond 
Panel. Since little is known about the kinematics of the Ward Harbour Fault, this is the 
most convincing indication that this fault is a thrust. 
§..:.' 2 2 Little Bay Panel . 
The lithostratigraphic assemblage ofthe Little Bay Panel (pillow lavas and 
sheeted dykes of the Lushs Bight Group), the probability that its strata are overturned, 
and its structural position between other panels in the Eastern Domain, is consistent 
with this panel being the counterpart of the Little Bay Panel in the Western Domain. 
The Little Bay Panel is bounded by the Ward Harbour Fault in the southwest and 
the Woodford Cove Fault in the northeast The Woodford Cove Fault dips 
southwesterly and separates the Little Bay Panel from the Mistaken Pond PaneL. Here 
it is proposed that this fault represents the refolded Ward Harbour Fault, a sole thrust 
to the Little Bay Panel. Both bounding faults are considered to represent the same 
folded thrust fault which is the sole thrust to the panel. 
In several outcrops in the northwestern part ofthe domain. well pr~s~rwd pillnw 
lavas display both upright and overturned tops within a distance of a r~·w hundrl·d 
meters, indicating that the F2 folds are tight to isoclinal and overturned t~) the nmtht·ast 
(see also Donohoe, 1968). Within the panel, both the penetrative S~ dcavagc and the 
bedding determined from the nesting of pillows dip towards SW. llowner the 
cleavage commonly dips more shallowly than bedding (Appendix~:. FigE-ix) This 
implies that the panel is underlain by an overturned, downward-facing seqm.·ncc and is 
consistent with the presence of pillow lavas in cores of at least two huger antifmms 
within the panel; whereas, sheeted dykes in the area arc generally interprct~·d to lli:Cupy 
the cores of synfonns. 
On stereograms, the pillow orientations define a relatively tight duster with two 
poorly developed maxima. The best fit girdle defines an axis 68->258. llowcwr. it 1s 
not clear what this represents, and most likely it is a "composite" axis The F2 fold axes 
and SO/S2 intersection lineations plunge both northwesterly and southeasterly as a 
result of refolding by the younger generation of FS foh . .!s defining a great circle un the 
stereoplot (Appendix E, Fig.E-ix). The FS fold axes, which in this situation arc also 
expected to form a great circle on the stereoplot (e.g Mukhrone, 191) I). instead limn 
a cluster that is slightly scattered around 40->200. This implies that the F5 f(JIJs m:ty he 
of larger amplitude and wavelength than the F2 folds and such geometry may have 
resulted in a biased collection of data in the fizld which could have had the eiTcct of 
excluding the effects of the smaller F2 folding. 
The Little Bay Panel on Sunday Cove Island, occupies the central part of tl:c 
island, and in addition to sheeted dykes and pillow lavas of the Lushs Bight Group, it 
comprises a diorite intrusion (Wellmans Cove Pluton; Kean and Evans, 1987) No 
facing direction was directly established for sheeted dykes and pillow lava Only the 
northerly dip of pillows in several outcrops in southeastern part of the panel on Sunday 
Cove Island implies that they may underlie the dykes, and allows for the possibility that 
the Little Bay Panel in this area also contains an overturned scaucncc, similar to that in 
the Halls Bay Head area and the Western Domain. 
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A probable equivalent of the Little Bay Panel is exposed in the northernmost part 
of Pilley's Island and Brighton Tickle Islands. It contains m!l.inly sheeted dykes and 
lesser pillow lavas of the Lushs Bight Group, and possibly the Brighton Complex. In at 
least two localities, most notably at Red Cliff Point (Pilley's Island), sheeted dykes 
overlie a strongly schistose mafic tuff. The characteristic rock assemblage suggests the 
correlation of this panel with the Little Bay Panel, although here the sequence is facing 
right way-up 
64.2 3 Mistaken Pond Panel 
The Mistaken Pond Panel is a narrow, elongated panel, parallel to and southwest 
of the MacLean Fault that consists entirely ofLushs Bight Group pillow lavas, which 
arc progressively more flattened towards the northeast. Kinematic indicators within the 
shear zone of the MacLean Fault reveal, that the fault is clearly associated with the 
northeast-directed thrusting. The pillow lava of the Lushs Bight Group, which is 
cxpo~cd in the hanging wall of the fault, displays outcrop-scale shear bands (C planes) 
which rotate the generally steeper S2 cleavage (pillow-flattening) into alignment with 
the C planes and towards direction of movement (i .e. NE). Both S2 and C planes 
contain a downdip mineral stretching lineation. 
Pillow lavas within this panel are deformed similarly to rocks 0fthe Little Bay 
Panel, and the combined bedding data for both panels plotted on a stereogram define a 
girdle with axis 60=>274 (Appendix E, Fig.E-ix). Both the orientation of pillows and 
the S2 cleavage within the Mistaken Pond Panel dip towards SW, but the cleavage dip 
is steeper than that of the bedding, again similar to the Little Bay Panel. 
On Sunday Cove Island, the Mistaken Pond Panel occupies a large area 
immediately east of the Little Bay Panel, and is underlain predominantly by pillow lavas 
oft he Lushs Bight Group, locally with swarms of dykes. Minor outcrop of mafic tuff 
of the Western Arm Group is confined to the Jerry Harbour/Jerry Head area in the 
eastern part of the panel. Outcrops of sheeted dykes with pillow screens are exposed in 
several places within and along the margins of the panel. A larger exposure of sheeted 
dykes is present in the nortl'lem part of the Mistaken Pond Panel, where it overlies 
predominantly pillow lava and pillow breccia of the Lushs Bight Group, but also limited 
outcrop of the Western Ann Group rocks. These slivers of sheeted dykes an: hcu: 
considered to be klippen related to the Little Bay Panel. 
The fault separating the Mistaken Pond Panel from the Little Bay Pand on 
Sunday Cove Island has previously been correlated with the MacLean Fault (e.g. 
Donohoe, 1968) Here, it is concluded that it is instead a segment of the Woodford 
Cove Fault. 
6.4.2.4 Shag Cliff Panel 
The northeastern-most panel in the Fox Neck, Halls Bay I lead and Sunday Cove 
Island areas is named the Shag Cliff Panel. It is underlain by argillite, chert, malic tuff 
and tuff breccia characteristic of the Skeleton Pond Forntation, pillow lava of the Big 
Hill Basalt, and tuff breccia of the Western Head Formation. The Welsh Cove 
Formation is poorly represented by a few scattered outcrops of predominantly felsic tulf 
breccia. Rocks in this panel are increasingly more deformed towards the fault contact 
with piiiO\v lavas of the Mistaken Pond Panel., and are folded into several 
syncline-anticline pairs, the F2 fold geometry of which is more open than in the Little 
Bay Panel. In general, rocks in the panel are upward facing , except on the northerly 
overturned limbs of open to tight folds where they are downward facing. This 
relationship is particularly well exposed in the area immediately adjacent to the 
MacLean Thrust and in the Shag Cliff syncline, where rock units arc ovc1 turned 
towards the NE. In the footwall ofthe MacLean Thrust, argillites, shales and tuffs 
display discrete shear planes that are approximately parallel to the SO and cut the S2 
Locally an internal imbrication and folding within the shear bounded blocks is present, 
perhaps indicating extension related to the collapse ofthe initial thrust. 
On Fox Neck, volcaniclastic and sedimentary rocks ofthc Shag ClifT Panel arc 
clearly overturned towards the NE and face downwards. Both, the bedding and S2 
cleavage are dipping towards the SW, with S2 at a lower angle than SO (Appendix E, 
Fig.E-x). In combination with the downward facing of these rocks, this indicates that in 
the Fox Neck area, the Shag Cliff Panel is located on an overturned limb of a 
southwesterly closing syncline. Treated separately, the SO and S2 measurements define 
southeasterly plunging fold axes at 62=>218 and 33=>211, respectively (Appendix E, 
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Fig E-x) The fold axis obtained from the distribution of bedding data coincides with 
axes of minor FS(?) folds, which lie on the great circle defined by SO and S2 (Appendix 
E, Fig ? ) . This behaviour implies that the F2 folds are considerably larger than F5 folds 
in this area 
In the I falls Bay I lead area, the S2 cleavage is poorly developed and refolded by 
subsequent deformational events. It is clear from the field observations and aerial 
photographs that there are at least three and perhaps more generations of structures 
recorded in rocks of this panel. Apart from the F2 folds, there are folds generated 
between NW trending and SW dipping faults that parallel the MacLean Thrust. The F3 
and FS folds that are dominant in the Little Bay Panel, are here perhaps of similar or 
even smaller size than F2, as they do not affect distribution of bedding and cleavage 
measurements to the same degree. Although displaying some scatter, both the SO and 
S2 orientations define similar great circles on the stereogram (Appendix E, Fig E-xi), 
each with two maxima, and define the fold axis at -30->274. Whereas this fold axis is 
most likely composite, it is perhaps dominated by that of early F2 folds. Both, reverse 
and normal movement took place on discrete faults parallel to axial planes of the F2 
folds as observed in the Shag Cliff syncline. 
Q. .'L~~W !)good I stand Panel 
Most of the Pilley's and Triton islands is underlain by rocks of the Skeleton Pond 
Formation, Big II ill Basalt, Welsh Cove and Western Head formations, and named here 
the Nogood Island Panel. Pillow lava of the Lushs Bight Group are exposed in the 
cores of two minor antiforms south of Langdons Cove on Pilley's Island. In the 
southern part of the panel, facing directions, where determinable, are consistently 
normal, or in the case of strongly imbricated cherts and tuffs of the Skeleton Pond 
Formation on Triton Island, vertical to slightly overturned and facing north to 
northeast. In several outcrops in the northern part of the panel on Pilley's Island. 
younging directions indicate that the rocks are downward facing and a lack of 
convincing way-up indicators elsewhere suggests the possibility that this part of the 
panel is dominated by isoclinal to tight folds overturned towards north. such as is 
observed on the outcrop scale. Only two outcrops with clearly overturned tops were 
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mapped on Triton Island, one being pillow lavas of the Big llill Basalt n~ar a fault 
contact with the Brighton Complex, and the other tuff breccia of th~ Skcl~tllll Pond 
Formation in Great Triton Harbour. 
The panel is intensely faulted internally, forming a northwesterly verging, 
hinterland dipping, OS imbricate stack. Small scale folds associated with the 
imbrication overprint pre-existing larger scale, NW trending folds that arc associated 
with the previous (D4) event of northeast directed thrusting. The resulting complex fold 
interference pattern controls the present structure of the panel. Bedding and deavagc 
data show significant scatter, and although they tell very little about the orientation of 
younger, smaller folds, they indicate older dominant fold orientations in the panel. The 
composite axis of the older larger folds as determined from widely scattered hcdding 
measurements is -58=>144 (Appendix E, Fig.E-xii). Axes of the folds ddermincd in 
the field or constructed by measuring bedding orientations on opposite limbs or 
bedding/cleavage intersections, display a wide scatter, and azimuths of only several of 
those match the azimuth of the axis obtained from the stereogram; most display a more 
shallow plunge (Appendix E, Fig E-xii). 
It is difficult to discriminate between different generations of cleavage in rocks on 
Pilley's Island, because they are rarely well developed. Truly overprinting cleavages 
were seen only in one outcrop. The combined cleavage data from Pilley's Island 
(Appendix E, Fig.E-xii) form several clusters, and although cleavage orientations in 
various clusters are thought to be associated with different structural blocks within the 
panel, such associations are ambiguous. The girdle calculated from the overall 
distribution of cleavage data on the stereogram has an axis 57->248, the azimuth of 
which corresponds roughly to the trend of the NW-directcd thrusts. 
On Triton Island, the more open F2(?) folds are folded and wrap around the 
outcrop ofthe Brighton Complex. In the northwestern Triton Island, scattered bedding 
defines a girdle with an axis of21 =>103 (Appendix E, Fig.E-xiii), which docs not dilfer 
much from average 16-> 112, calculated from field measurements of axes to existing 
folds and SO/S2 intersection lineations. A different fold orientation, 61 -> 16 7, is 
obtained from the distribution ofthe S2 cleavage; whereas, the F2 axes show evidence 
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of refolding around an axis of 3 5->221 . This is thought to represent axes of younger 
generation folds, some of which are present in the northeastern part of Pilley's Island, 
but not reflected in insufficient field data. In eastern Triton Island, the fold axis obtained 
from distribution of bedding (Appendix E, Fig.E-xiv) is 11->075 and it coincides much 
better with the orientation 24->068 obtained from the S2 distribution. Both of these 
values arc also fairly similar to a mean of fold axes and SO/S2 intersection lineations 
collected in the field (Appendix E, Fig.E-xiv). 
6.5 Northern Domain 
The name Northern Domain refers to the area north of the Long Island Tickle Fault, 
which includes Long and Little Bay Islands, each considered as a sub-domain, and several 
encircling islets. The Stag Formation rocks may form part of a separate thrust sheet, 
originally unrelated to this domain, but because they are spatially associated and structurally 
interleaved with the units of the Northern Domain, they are here considered as part of it. 
{> .5. 1 LONG ISLAND SUB-DOMAIN 
The Long Island sub-domain contains a large scale, DS(?) southwest to west 
plunging anticline-syncline pair in the southern part ofthe island, and a southwestern 
limb with a possible hinge area of an another anticline in the northern part. The 
sub-domain is divided into four fault panels: the Southern Head Panel, the Cutwell Arm 
Panel, the Aspen Cove Panel and the Stag Island Panel. Two faults form the boundaries 
of these panels on Long Island . The Milkboy Cove fault trends northwesterly from 
Milkboy Cove on the southern shore of Long Island, and separates the Southern Head 
Panel in the southeastern part of the island from the Aspen Cove Panel in the 
southwestern part of the island. The Black Head fault, trends WNW from Wild Bight 
and separates the Southern Head and Aspen Cove panels from the Cutwell Arm Panel in 
the northern part of the island. The contact between the Cutwell Arm Panel and the Stag 
Island Panel is offshore and presumed to be a thrust (see section on the Stag Island 
Panel) 
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6. 5. 1. 1 Southern Head Panel 
The northeastern edge of the Southern I lead Panel, the southern shore of Wild 
Bight, has a semicircular shape, and is marked by a discontinuous outcrop of the Tulf 
lihofacies of the Long Tickle Formation. Rocks ofthe other lithofa~ies partially follow 
this pattern. 
Between the Southern Head area and Gull Cliff, rocks of the Tuff lithofacies arc 
exposed in the cores of successive parasitic(?) anticlines. These anticlines (and 
synclines) have typically domal (and basinal) shapes, indicating that the panel is 
polydeformed. The field measurements of fold axes in this panel show both 
southwesterly and northeasterly plunges (Appendix E, Fig.E-xv). On the stl'rcogram. 
bedding data form a scattered girdle, which corresponds to an axis of 20->240, and 
roughly to the majority ofthe fold axes measured in the field (Appendix E, Fig.E-xv) 
The bedding girdle is dominated by two well dt!'ncd maxima, whi~:h are interpreted to 
represent opposite limbs of the macroscopic FS anticlines. The :iistribution of bedding 
data on the stereogram is characterized by the presence of two well developed n:axima. 
indicating that most of folds have straight limbs and narrow, rounded hinges. with some 
folds approaching a chevron style. 
Cleavage orientations are less revealing and produce a broad cluster with a mean 
cleavage orientation of73=>180. Many ofthe cleavage data clearly arc not consistent 
with the fold axis defined by the bedding girdle, and possibly arc related to a different 
set of folds, that is most likely oblique to the major fold system Bedding/cleavage 
intersection lineations also fonn two scattered clusters (Appendix E, FigE-xv), fwm 
which only a few lineations correspond to measured fold axes, and most plunge towards 
WNW and ESE. Therefore, the presence of at least two discrete fold systems in the 
Southern Head Panel is indicated by structural data. The distribution of the bedding 
data suggest that the WNW-ESE trending generation of folds has a minor cflcct on 
bedding, and is much larger than the NE-SW trending folds . 
Both systems of folds are associated with thrust faults. In the case of the NE-SW 
trending belt, thrusts have this same orientation and are directed northwesterly; 
whereas, the WNW-ESE trending fold system is related to northeasterly directed 
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thrusting The latter generation of folds and thrusts faults is folded by the NE-SW 
trending folds and cut by associated thrusts, indicating that the WNW-ESE trending 
fold and thrust belt is the older one. 
Several geometrical properties indicate that the NE-SW trending folds which 
dominate the panel are verging northwesterly. These include: 1) an affiliation of these 
folds with northwest directed high angle reverse faults; 2) the generally moderate 
southerly dip of the axial plane cleavage; and 3) the slightly steeper northwestern limbs 
of parasitic folds The vergence and asymmetry oftheW NW-ESE trending folds is 
much more problematic and little can be inferred about those folds. Only one 
mesoscopic fold evidently associated with this generation of folds was observed in the 
Southern Head panel (Fig. 6. 18 ). Several minor folds thought to be related to this 
deforn1ational event were seen within bedded tuffaceous sedimentary rocks interbedded 
with mafic flows; they are overturned and verging northeasterly (Fig. 6. 19) and have 
appearance of "drag" folds. It is possible that these folds are also related to the same 
event which produced the previously described fold, but clearly are modified by simple 
shear acting parallel to limbs of the fold . 
(t2J .2 Cut well Arm Panel 
The Cutwell Arm Panel displays similar structural characteristics to the Southern 
I lead Panel and is dominated by the SW plunging folds Both poles to the bedding 
planes and hinges of minor folds measured in the field define very similar axes of 
-33 =>246 (Appendix E, Fig.E-xvi), which is close to the mean 20=>240 axis of the 
dominant fold generation in the Southern Head domain. The moderately SW dipping 
cleavage suggests partly inclined axial planes and defines a girdle with an axis of 
52 ~>204 that is different from that inferred from the bedding distribution. Although 
there is no evidence from those data for an another folding event in the panel, field 
observations reveal thrusting in the Burnt Head area that is not compatible with the 
southwest trending folds. There, intraformational imbrication was observed within 
tuffaceous sandstones and cherts interbedded with massive mafic flows which took 
place along minor thrust faults with orientations varying from 45=> 185 to 35=>275. 
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The nearly downdip lineation present on the fault planes indicates generally nonheast 
directed movement on the faults. 
The distribution of bedding orientations on the stereogram suggests that the style 
oft he SW trending folds differs from that of the Southern Head domain folds Data arc 
spread more evenly on the stereogram and there is a lack of obvious maxima. implying 
folds with broader, more rounded hinges than those of the Southern llead Domain 
6.5.1.3 Aspen Cove Panel 
The Aspen Cove Panel differs structurally from the p r nllHls 1\\ P p.1nd -; 1:1 tltl· 
orientation of the dominant fold generation. The fold a''-'s shov.n in the ~krt·,,gl .llll 
(Appendix E, Fig.E-xvii) were collected mostly in the northern pall uf the pand and 
almost exclusively within rocks of the Parson's Point Forrnat1on Y ct. tht·y ~u• rc -;pt~nd 
relatively well to fold axis orientations inferred from the dist rihuti,Jn nfht·ddutg ;111d 
cleavage data (Appendix E, Fig.E-xvii) and are believed to be rcprcst·ntat in· of li 1ld 
orientation in the rest of the panel. Two populations of fi.>ld axes .uc rcwrtkd on tht• 
stereogram, one plunging northwesterly and the other southt·astcrly. both arc thuught 
to belong to one generation refolded by a subsequent deturmatioml eH:nt 
Many mesoscopic structural features associated with northeast thrusting and 
folding are preserved in shale and the interbedded limestone breccia, bcJJcd luncstunc 
and greywacke of the Parson'~ Point Formation. Most of those arc minor thrusts and 
duplexes, and associated folds. Folds preserved in the bedded limestone vary; some, 
e.g. on the southern shore ofLushs Bight, are non-cylindrical, with poorly developed 
or absent cleavage (Fig. 6.20), and an overall appearance suggesting prc-lithili<.:ation 
deformation; others, e.g. in bedded limestones and shales on Oil Island (Fig. 6 21 ), arc 
cylindrical to mildly non-cylindrical and display well developed axial-planar dcavage-
clearly the result of post-lithification deformation Within the sheared contact between 
limestones/shales and the overlying felsic tuff on Oil Island, there arc several minor 
folds which also resemble "slump" folds in their highly chaotic appearance, but locally 
display a fairly well developed cleavage. However, the presence of cleavage docs not 
exclude the possibility that these structures are the result of shearing of unconsolidated 
to partially consolidated material (e.g. Agar, 1988) Both types of folds arc 
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approximately co-planar, but they are not (at present) co-axial. The non-cylindrical 
folds on the southern shore of Lushs Bight and Oil Island are moderately inclined and 
overturned towards the northeast, and are plunging southeast. Folds of the second type 
on Oil Island are also moderately inclined and slightly overturned towards the NE, but 
are plunging in a northwesterly direction. 
6.5 .1.4 Sta~J;md Panel 
The Stag Island Panel is characterized in general by a poorly developed cleavage 
in its pillow lavas and breccia, and by the presence of fractures and fracture cleavage. 
The panel includes several dispersed islets (one, League Rock, is more than 1 Okm SW 
of the Stag Islands), and because of the outcrop discontinuity and fairly competent rock 
types, it does not provide much structural information. Yet, there are indications from 
the bedding facing directions that the panel may represent the hinge zone of a major 
regional fold (see also Kean, 1973) with a subhorizontal axis (05=>156), suggested by 
the distribution of bedding data on the stereogram. Of two fold hinges measured in the 
field, one (03=>140) coincides fairly closely with the constructed axis; whereas, the 
other plunges steeply in the opposite direction. 
The SE-trending folds may be associated with and related to the easterly directed 
thrusting, evidence for which was found on Seal Island. The southwestern part of Seal 
Island is underlain by moderately SW dipping and upward-facing pillow lavas but in the 
northeastern part, across a high angle reverse fault, pillow lavas are overturned. In the 
western and southern part of the island, where thin beds of shale and limestone are 
present between typically pillowed flows, sedimentary rocks and adjoining pillow lavas 
form zones of a foliated melange that contains blocks of limestone and lesser pillow 
fragments enclosed in the shaly matrix (Fig. 6.22). The melange displays steep, 
SW-dipping, intensely developed foliation that is cut by low-angle, westerly to 
southwesterly dipping minor thrust faults (Fig. 6.22) with grooves and slickensides 
indicating ENE directed transport. The orientation of thrust planes and the direction of 
transport is similar to that in the northeastern part of the Cutwell Arm Panel (see 
above) 
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6.5.1.5 Little Bay Island Sub-Domain 
The Little Bay Island subdomain includes Little Bay Island and several islets 
located between it and Halls Bay Head. The lithostratigraphic units represented within 
this sub-domain ir.clude the Culwell Group and the Stag Forntation. There are not 
enough bedding and cleavage data to accurately define various fault panels within the 
sub-domain, but the lithostratigraphic diftercnces and locally important faults indicate 
that this sub-domain is divisible into three fault panels that are named: the Northern 
Head Pctnel, the Southern Harbour Panel, and the Copper Island Panel. 
The Northern Head Panel occupies the very northern part of the Little Bay Island 
and is divided from the Southern Harbour Panel by the North Harbour Fault. the 
kinematics of which is unknown. In the southeastern part of Little Bay Island, rocks of 
the Copper Island Panel (Stag Formation), are emplaced structurally upon rocks of the 
Southern Harbour Panel (Cutwell Group) along the south-southeasterly dipping 
Marshall Beach Thrust. The Southern Harbour Panel is located on westerly dipping 
limb of an anticline with a hinge to the east of the island. 
6.6 The Lobster Cove - Chanceport Fault 
The NE-SW to E-W trending Lobster Cove Fault was first recognized on Pilley's 
Island by Espenshade (193 7), who traced it from near Springdale to the eastern end of 
Tritbn Island. In the Pilley's Island area, Espenshade ( 1937) concluded that volcanic rocks 
ofthe Roberts Arm Group and the red sandstones that overlie them were disposed in an 
overturned anticline which is thrust northwards. He interpreted the Lobster Cove Fault as a 
north-directed thrust with an element of strike-slip displacement. MacLean ( 194 7) traced 
the Lobster Cove Fault for a further 15 kilometres southwest from Springdale. Jn outcrop 
west of Springdale, he found schistose rocks of the Lushs Bight Group thrust upon rocks of 
the Springdale Group, and on this evidence considered the fault to be a south-directed 
thrust. Wessel (i975), working in the Springdale area, suggested that the present 
juxtaposition of rock units across the fault was the result of dextral strike-slip movement. 
Several workers have proposed the correlation of the Lobster Cove Fault with other 
large faults in Notre Dame Bay. MacLean ( 1947) suggested that the Lobster Cove Fault 
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was related to the Lukes Arm Fault (Fig.6.23). Home and Helwig (1969) also argued that 
the Lobster Cove and Lukes Arm faults together constitute the major fault system in the 
Notre Dame Bay area. Dean and Strong (1977) were the first to correlate the Lobster Cove 
Fault with the Chanceport Fault (Fig. 6.23), and suggested that the Lobster Cove-
Chanceport Fault represents a south-directed thrust, folded during in the mid-Paleozoic. 
6 6..J_JJEOMETR Y OF THE LOBSTER COVE FAULT 
The geometry and orientation of the Lobster Cove Fault change along its strike. 
On Sunday Cove Island, the short exposed fragment of the Lobster Cove Fault trends 
approximately E-W and is slightly convex to the north. Towards the east on Pilley's 
Island and Triton Island, the Lobster Cove Fault maintains an overall E-W trend, but it is 
convex to the south. Between Sunday Cove and Triton islands the fault shows an 
apparent dextral offset. In the Springdale area to the southwest, the trend of the fault is 
towards the southwest, bringing rocks of the Lushs Bight and Western Arm Groups over 
the red bed sequence and volcanic rocks ofthe Springdale Group (e.g . MacLean, 1947; 
Jenner and Szybinski, 1987; Coyle and Strong, 1987). 
In the area between Springdale and Triton Island, the Lobster Cove Fault 
juxtaposes rocks of the Lushs Bight and Western Arm groups to the north with the 
Roberts Arm and Spnngdale groups to the south. Deformation within the Roberts Arm 
Group has produced predominantly northeasterly-trending and southeasterly-verging fold 
and thrust belts (Thurlow and Swanson. 1987; Bostock, 1988; Pope et al., 1990). Rocks 
of the Lushs Bight and Western Arm groups also form thrust and fold belts, geometry 
and orientation which are similar but characterized by more brittle deformation. 
The red bed sequence overlying the Roberts Arm Group immediately south of the 
Lobster Cove Fault is the youngest stratigraphic unit affected by movements along the 
fault. On Sunday Cove, Pilley's and Triton Islands, the strike of the Lobster Cove Fault 
is nearly parallel to bedding in the vertical to overturned and north-younging red bed 
sequence. The fault appears also to be parallel to the trend of volcanic and sedimentary 
rocks in the Robert's Arm Group. In most outcrops, the generally more deformed rocks 
of the Lushs Bight and Western Arm Groups face into the Lobster Cove Fault. 
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The Lobster Cove Fault zone is characterized by a series of imbricate structures 
in the region of Sunday, Pilley's and Triton islands, and by an imbricate thrust stack in 
the Springdale area. Deformation within the fauit zone involved the red bed sequence. 
the Silurian and Ordovician volcanic rocks, and the fault itself The major E-W trending 
segment of the fault zone and adjoining rock units are steeply dipping, so that in current 
orientation the duplexes appear as contractional structures formed in a dextral strike-slip 
fault system. 
6 .6.2 STRUCTURAL POSITTON OF RED BEDS 
6.6.2. I The Springdale Area 
Previous workers have suggested that the Springdale Group is simply defurmcd 
in a single, open northeast-plunging syncline (e.g. Kaliokoski, 1953; Wcsscl,1975; 
Coyle and Strong, 1987). However, deformation structures in the red bed sequcn~e 
and the underlying volcanic rocks of the Springdale Group indicate that these units arc 
imbricated and deformed into a southeasterly-verging thrust belt related to 
overthrusting along the Lobster Cove Fault by a hanging wall consisting ofrocks of the 
Lushs Bight and Western Arm groups, . 
As the fault crosses Halls Bay, a rr.ajor change in its trend is observed from E-W 
(as seen on Sunday Cove Island) to an overall NE-SW trend (as seen between 
Springdale and the Green Bay Fault). Near Springdale, the fault swings from an overall 
northeast trend to a west-northwest trend along the short section of the fault 
immediately west of town (Fig. 6. 15). This change in the trend of the fault result.- from 
04 folding, and in the Springdale area the fault is exposed on both limbs of a regional, 
northerly plunging 04 syncline. This syncline provides two cross-sections of the 
Lobster Cove fault zone, which are at an angle one to the other. The redbed sequence 
follows the surface expression of the fault around this bend ar.d dips north to 
northwesterly. Younging directions within the red bed sequence (and locally the 
Springdale Group) in vicinity of the fault suggest that the rocks are generally 
overturned and locally tightly folded, although no fold hinges were observed. The zone 
of overturned to steeply dipping red sandstones and Springdale Group rocks ends 
southwest of Springdale, where strata are also folded, but upward-facing and dip 
northwest to southeast. 
(16 2.2 Sur:Hjay Cove. Pilley's And Triton Islands 
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In contrast to the east-southeasterly thrusting of the Lushs Bight and Western 
Arm groups over the Springdale Group/red bed sequence in the west, movement on the 
Lobster Cove Fault on Sunday Cove, Pilley's and Triton islands is apparently dextral 
strike-:\lip. The trace of the fault is marked by a steeply dipping to overturned red bed 
sequence facing into the fault. The maximum thickness of the red bed sequence in this 
area (<200m) is significantly less than in the Springdale area. 
The contact between red bed sequence and the underlying rocks of the Roberts 
Arm Group on Pilley's and Triton islands is an angular unconformity. The general trend 
of tuffs and pillow lavas in the Robert's Arm Group app~ars to be parallel to the strike 
ofb~dding in the red beds, but the dip ofthe sandstones a.,d conglomerates diverges 
everywhere from the Robert's Arm Group rocks by 20°-70° (see also Bostock, 1988). 
Bostock ( 1988) has pointed out that this implies widespread, probably pre-lower 
Silurian, deformation within the Buchans-Robert's Arm Volcanic Belt. 
Red beds along the Lobster Cove Fault, together with the Ordovician rocks of 
the Robert's Arm Group and locally volcanic rocks of the Lushs Bight Group, are 
affected by at least two or possibly three phases of deformation in post-lower Silurian 
times. The earliest of these events corresponds with the southeast-directed thrusting in 
the Springdale region. It has a heterogeneous, variable character and is expressed by 
ductile deformation north of the Lobster Cove Fault on Sunday Cove, Pilley's and 
Triton islands and rather brittle to locally ductile deformation in red beds (and the 
Robert's Arm Group rocks) south of the fault . 
Two map scale duplexes along the Lobster Cove Fault, documented below, are 
ascribed to this event 
(l . o . ~ . J Lobster Cove Imbricate Stack 
The first of these duplexes is located in Lobster Cove on Sunday Cove Island. 
Strongly flattened and sheared pillow lava and mylonites of the Lushs Bight Group, 
with a thin cover of Skeleton Pond Formation cherts and tuffs, north ofthe Lobster 
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Cove Fault are juxtaposed with red sandstones and underlying Ordovician mafic rocks 
of the Roberts Arm Group south ofthe fault (Fig.6.25). The red bed scqucnc~ consists 
of red, massive, cross-laminated, coarse sandstones which locally contain bright red 
shale rip-up clasts These are underlain by almost undcformed rocks ofthe Robert's 
Ar1l1 Group. Rocks on both sides of the fault are steeply dipping and facing the fault, 
being predominantly overturned in the Robert's Ann Group. 
Rocks along the southern margin of the Lobster Cove Fault at this locality form 
an imbricate stack consistlng of the red bed sequence and rocks of the Roberts Arm 
Group arranged in northeast- to northwest-trending domino-type horses These arc 
bounded by high-angle brittle, conjugate faults. Several of these horses contain red 
beds in their northern parts. The thi<:k.ness of preserved red bed sections within 
consecutive horses decreases generally westwards, where they arc truncated by the 
Lobster Cove Fault. Deformation features within the red bed sequence includin8 
east-verging and north-plunging asymmetric folds and "drag" folds on faulted contacts 
between horses are attributed to this event of duplex formation . These kinematic 
indi~ators suggest that the Lushs Bight Group rocks to the north of the fault has 
moved east with respect to the Roberts Ann block to the south. 
Other kinematic indicators in the red bed sequence show that the sequence has 
also been affected during a later deformational event. The red beds are ddormed into 
west-verging kink folds with broken, north-northeasterly plunging hinges (brittle 
fractures parallel to axial planes). Locally, the kinks overprint the previously formed 
drag folds. The sense of movement derived from these late brittle structures implies 
movement of the northern block to the west, the opposite sense to the earlier 
deformation associated with duplex formation. 
Well developed mylonitic S 1 foliation is present within cherty sedimentary rod s 
on Sunday Cove Island, in the area immediately north of the Lobster Cove Fault 
There, a strongly flattened and altered pillow lava and overlying mylonitized sequence 
of tuffaceous and cherty protolith is exposed. The mylonites exhibit a wcll-dcvclop\.~d 
stretching lineation. The mylonitic foliation is also cut and crenulated by d iscrete sh~o:ar 
bands. Two generations of post-mylonitic, intrafolial fulds are pr~·sc.·nt as wdl (Fig 
6 .26). 
6 .6 2.4 Grand Di~malSo\'e Dt,~_plt;~ 
The second duplex is located at the e:1stern end of Triton Island in the Grand 
Dismal Cove area There the Lobster Cove fault is offset approximately I 3 km along a 
northeasterly trending, sinistral strike-slip fault (Fig.6.27, inset) East oft he olfsd. 
units juxtaposed along the Lobster Cove Fault are intensively and compll·xly dcformt.·d 
into the Grand Dismal Cove duplex. The duplex involves repetition of the red hcd 
sequence, volcanic rocks of the Roberts Arm Group, and cherty to tufl:u.:cous 
sedimentary rocks of the Lushs Bight block, as well as the Lobster Cove Fault itself 
The duplex contains two horses consisting, from south to north, of pillow lava of 
the Roberts Arm Group; unconfomlably overlying conglomerate and sandstone of the 
red bed sequence; the Lobster Cove Fault zone; and mafic tuff and cherty Sl~dimrntary 
rocks of the Lushs Bight Group (Figs 6 .24 and 6.27). The whole section south of the 
fault is overturned and dips steeply south-southeast. Well-developed folds in the red 
bed sequence are reclined, verge northeasterly and plunge southeasterly (Fig.6.2R). 
Smaller mesoscopic east-verging, south-plunging folds are present in the Lushs Bight 
block rocks in the southern horse. T!lese are similar in style, vergence and plunge to 
folds in the red bed sequence. The overall sense of movement on the Lobster Cove 
Fault, as deduced from kinematic indicators in this area is dextral. Two faults with 
apparent minor dextral offset cut the northern horse at a high-angle to the Lobster Cove 
Fault. 
In this same area, rocks of the Welsh Cove Formation north of the Lobster Cove 
Fault are deformed in highly non-cylindrical folds, possibly of the "sheath" type This 
type of fold is typically found in simple shear zones characterized by a high strain 
6 .6 .2 .5 Intervening Regions 
There is almost continuous outcrop of the red bed sequence along the Lobster 
Cove Fault on Sunday Cove, Pilley's and Trition islands between the Lobster Cove and 
Grand Dismal Cove areas. 
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In n. 1ns, kinematic indicators consis:(;ntly point to two deformational 
events similar to those observed at Lobster Cove and Grand Dismal Cove. The first, 
based on the presence of tight to isoclinal Z folds (e.g. Fig. 6.28), involved eastward 
movement of the rocks north of the Lobster Cove Fault, with respect to the Roberts 
Arm Group rocks south of the fault. It was followed by brittle deformation producing 
westerly-verging broken kinks. During this event the northern block moved west with 
respect to the block south of the fault 
6_~LNEW WORLD ISLAND AREA 
East of Triton Island the trace of Lobster Cove Fault lies under the waters of 
Notre Dame Bay. It comes on shore again on the Fortune Harbour Peninsula, where it is 
named the Chanceport Fault. The Chanceport Fault is traced east towards New World 
Island where it eventually merges with the Luke's Arm fault, the eastern most segment of 
the Red Indian Line The Chanceport and Luke's Arm Fault divides the New World 
Island area into three structural blocks ( cf Williams, H. eta!., 1988). The Roberts Arm 
Group equivalent in this area is narrow and wedge shaped, and thins structurally towards 
the cast, finally being truncated between the converging Luke's Arm and Chanceport 
faults. 
North of the Chanceport Fault, the Notre Dame Bay block consists of late 
Cambrian pillow lavas of the Sleepy Cove and Moreton's Harbour groups intruded by the 
Twillingate trondhjemite, dated (U/Pb zircon) as 507 + 3/-2 Ma (Elliot et al., 1991 ) . 
lrnrncdiatcl} northwest of the Chanceport Fault this pluton is cut by a high grade 
(amphibolite) mylonitic shear zone, which parallels the fault for the last several 
kilometres of its exposure on land (Williams, H., 1976~ Stander, 1984). Kinematic 
indi~ators show that this is a thrust zone, in which rocks to the north moved up with 
respect to those south. 
Williams, P. ct al. (1988) and Elliot et al. (1991) have shown that the structural 
evolution of the Chanceport Fault and related splays on New World Island record both 
dextral and sinistral movement. Initial deformation involved ductile, dextral, transcurrent 
movement and may have involved hundreds(?) of kilometres of displacement on the 
Chanceport Fault This event predates intrusion of the Loon Bay igneous suite, which 
has an age of 408 +/-2Ma (Elliot et al., 1991 ). Folds associated with this event have 
variable plunge but display a consistent z-asymmetry when viewed down or tu the 
northeast. Subsequent movement on the Chanceport Fault involved brittll?, sinistral 
movement and post-dated the Loon Bay suite. The ordering and chara~ter of events 
involving initial dex-tral and later sinistral movement is similar to that described above 
from western Notre Dame Bay. 
Virtually nothing is known about the kinematics of the Chanceport Fault on the 
Moretons Harbour Peninsula. A recent study in the Fortune llarbour area of central 
Notre Dame Bay has shown the Chanceport Fault to be a northeast(") dircded thrust 
with only a small displacement (O'Brien, 1991 ). Most recent field observations along the 
fault and new geochemical data from rocks on either side of the fault are at odds with the 
present interpretation of the Chanceport Fault as a major structural clement (Dec and 
Swindt>n, 1994). 
6. 7 Geophysical Constraints 
There are geophysical data available that can be integrated with the field observations 
providing further constrains on the shape and extent of the Lobster Cove- Chanceport 
Fault. Figure 15.29 presents a detailed Bouguer gravity anomaly map of the Notre Dame 
Bay and offshore region (modified from Howarth and Miller, 1982). The gravity anomaly 
map, as well as corresponding magnetic field data (Geological Survey of Canada magnetic 
Map 1709A), reveals an elliptical area with Bouguer anomaly higher than 30 mGal confined 
to the shores of Notre Dame Bay. The 30 mGal contour coincides relativdy well with the 
trace of the Lobster Cove- Chanceport Fault and is bounded to the south by fairly nat 
values in the 20 mGal range. This area trends approximately northeast and the gravity 
anomaly is most intense on the edges of the structure. Modelling of gravity and magnetic 
data on a series of transacts across Notre Dame Bay was carried out by llaworth and Miller 
( 1982) and Miller ( 1990) and are reproduced on Figure 6 .30 The data show that internal 
peaks and troughs within the overall region of the gravity high can be modelled as a series 
of imbricate thrust sheets of mafic rocks floored by ultramafic rocks The modelling 
suggests that the thrust sheets dip into the centre of Notre Dame Bay from either side 
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forming an overall synformal structure and that there is a deepening of the thrust stack 
northward away from the Lobster Cove - Chanceport fault to a depth of around 25 km (Fig. 
6 30) The correspondence of the s.:>uthern boundruy ofthe Notre Dame Bay gravity high 
with the Lobster Cove - Chanceport Fault, as well as the geophysical modelling implying 
internal imbrication of the region over the gravity high, suggests that the elliptical gravity 
pattern bounded by the 30 mGal contour corresponds with the offshore extent of the Notre 
Dame block . 
The western boundary of the elliptical gravity high in Green Bay appears to 
correspond with the Green Bay Fault, a major splay of the Cabot Fault system. The gravity 
high locally extends west of the trace ofthe fault, coinciding with the surface exposure of 
the Betts Cove ophivlite along the eastern side of the Baie Verte Peninsula. It is uncertain if 
the Betts Cove ophiolite represents a displaced fragment of the Notre Dame block or if it 
just has a similar geophysical signature because of its similar mafic and ultramafic 
lithologies 
The eastern boundary of the Notre Dame block is believed to be marked by the 
pronounced northeast-trending gravity gradient extending offshore from the along-strike 
extension of the Chanceport-Luke's Arm Fault system. Gravity data do not clearly define 
the northern limit of the block. 
6.8 Constraints On The Ages Of Movement Along The Fault 
The precise age of displacements along the Lobster Cove-Chanceport Fault is not 
known. It appears that easterly movement of the Lushs Bight block immediately post-dated 
deposition of red beds as there is little evidence of post-depositional erosion ofthis unit. 
The red beds which overlie the Springdale Group are lithologically similar to and have been 
commonly correlated with alluvial and deltaic red beds of the Botwood Group in the 
Exploits subzone. The Botwood Group red bed sequence is underlain by shallow marine 
strata which contain a Late Llandovery to Early Wenlock fauna (Eastler, 1969; Berry an 
Boucot, 1970; O'Brien, 1991 ). However, relations between the marine and the terrestrial 
sl.!dimcnts of the Botwood Group are not clear, and in a detailed sedimentological study, 
Wessel ( 1975) suggested that the Springdale basin and the Botwood basin were filled 
separately. U-Pb zircon ages of 429+6/-5 Ma 110d 425 +/-3 Ma on felsic tutT of the 
Sprin~dale Group underlying these red beds establishes a Llandovery/Wenlock age for the 
upper part of the Springdale Group (Chandler et al ., 1987; Coyle, 1990, respectively). 
A ductile dextral m'"Jvement on the Chanceport Fault and the Red Indian Line in the 
New World Island area post-dates mafic dykes intruding the Twillingate pluton. but 
predates intrusion of the Late Silurian Loon Bay igneous suite. Metamorphosed 
(blue-gre-::n amphibole, albite/oligoclase and strain-polygonizcd quartz.) mafic dykes cutting 
the main body of the Twillingate trondhjemite were dated by 4('Ar/19 Ar as 438-4-B l\1a 
(Williams et al., 1976). An undeformed felsic dyke of the Loon Bay igneous suite whid1 
cuts folds related to this deformation in rocks south of the Red Indian Line has been dated 
by U-Pb zircon at 408 +/-2Ma and similar dyke from the locality north of the Chanceport 
Fault yielded an age of 409 +/- Ma (Elliot et al , 1991 ) . This places an upper limit on the 
age oftitis event. The younger, brittle sinistral event associated with the Chanceport Fault 
and Red Indian Line zone overprints previous ductile dextral deformation and post-dates 
the Loon Bay suite (Williams, P. et al ., 1988; Elliot et al., 1991) 
Therefore, available data bracket the age of emplacement of the Notre Dame Bay 
nappe between the minimum age of the base of the red bed sequence (approximately 425 
Ma) and the age of emplacement of the Loon Bay suite (-408 Ma). 
6.9 Notre Dame Bay Nappe (NDBN): Definition 
Rocks north ofthe Lobster Cove- Chanceport Fault (Lushs Bight and Western Arm 
groups), referred to as the Notre Dame Bay Nappe, form a relatively coherent stratigraphic 
and structural block of early Paleozoic intra-oceanic volcanic, subvolcanic and related 
volcaniclastic rocks, which were thrust over adjacent units (Roberts Arm and Springdale 
groups) ofthe Notre Dame subzone. Relationships which provide evidence of the thrust 
emplacement of the Notre Dame Bay nappe are best preserved in the Springdale area The 
emplacement of the Notre Dame Bay Nappe over the Silurian rocks of the Springdale 
Group and the apparent younging of rocks on either side towards the fault on Sunday Cove, 
Pilley's and Triton Islands implies that the rocks within the nappe were overturned during 
and as a result of nappe emplacement. It is postulated that rocks exposed in the Notre 
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Dame Bay Nappe rcpr..:scnt an overturned limb of a recumbent fold, i.e a nappe in the 
"alpine" sense The southern and eastern boundaries ofthe nappe ar! formed by the Lobster 
Cove Fault and its along strike eastern extension, the Chanceport Fault. The steep Jips 
along the fault in this region are a result of late-stage deformation c. ··'!rprinting an original 
flat-lying to shallow-dipping thrust. The western boundary of the nappe, coincides, at least 
in part, with the Green Bay Fault; whereas, the northern boundar; lies off-shore and is not 
exposed . Details of the boundaries and character of the nappe, constraints on the 
mechanism and timing of juxtaposition ofthe nappe with the ~ ·emainder ofthe zone, and a 
discussion of the implications of this hypotheses for the regional tectonic evolution of the 
zone arc given below. 
6.10 The Green Bay Fault 
The Green Bay fault is an important structure of regional extent within the Notre 
Dame Subzone in which it forms the western boundary of the study area. The surfa(;e trace 
of the Green Bay F:wlt trends southwestwa;-d from the study area, and connects with the 
Cabot/ Long Range Fault system, a major fault system extending from White Bay through 
the Carboniferous Deer Lake Basin to the area north of Cape Ray in the southwestern part 
of Newfoundland. The Green Bay Fault, along with other prominent fault systems in 
northwestern Newfoundland, including the Baie Verte-Brompton Line and the Doucer's 
Valley Fault Complex, is considered to be a splay of the Cabot Fault System .. 
In the study area the Green Bay Fault is, in general, poorly exposed (Jenner and 
Szybinski, 1987; Dube et al., 1992), and its kinematic history is, therefore, poorly 
constrained. There are no direct structural observations that permit an interpretation ofthe 
movement history and previous interpretations have relied on correlation of geological units 
interpreted to have been disp!aced by it. The earliest movement on this fault may be coeval 
with disruption and/or emplacement of the pre-500 Ma sequence upon the continental 
margin of Laurentia. The Green Bay Fault juxtaposes felsic volcanic and intrusive rocks of 
the King's Point Complex (Mercer et al., 1985; Kontak and Strong, 1986) northwest of the 
fault and the Southwest Arm of Green Bay with Cambrian/Ordovician units to the southeast 
of it. Geochemical data and U-Pb zircon dating indicate that the Silurian Springdale Group 
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and its associated intrusive rocks are regionally corrc:lative with the C!i)e St John Group 
and Cape Brule Porphyry exposed approximately 50 km to the north on theBaic \'crte 
Peninsula, and most likely are parts of the same large caldera (Coyle and Strong, 1987. 
Coyle, 1990). Paleogeographic reconstructions ofCoylc and Strong (1986, l<J87) bring 
these two units next to the Springdale Group, and at the same time place the Betts Cove 
Complex (ophiolites) and Snooks Arm Group (vokanic-volcaniclastic sequence) adjacent to 
the Lush's Bight and Weste!l1 Arm Groups. Approximately 50 km of dextral movement l'n 
the Green Bay Fault during or after the major Silurian magmatic episode is suggested hy 
these authors. The latest established movement on this fault took place during or in the 
post-Carboniferous (Hibt.ard, 1983 ) . Although the sense of latest movement is not 
constrained by diiect structural observations, post Lower Carboniferous llHlVCilll'nt on 
related faults (DS) involved thrusting towards the north-northwest, and this implies that 
coeval movement on the Green Ba: Fault was oblique sinistral. 
6.11 Extensional Faults And Thrust Belts - 1 he Case Of The l.ong Island Tirkle Fault 
There are some indications that late normal, extensional faults, that were probably 
related to the collapse of the orogen (?), indirectly influenced the development of the 04 
and DS thrust belts in the Eastern Domain. The steep orientation of the Long Island Tickle 
Fauit and its oblique orientation with respect to the direction of thrusting imply that it may 
represent an inverted extensional fault. A mass of rocks behind that fault, represented by 
Long and Little Bay Islands, formed the buttress. The steep attitude of this fault would 
inhibit an orthogonal convergence and reactivation of the fault would not be mechanically 
possible. 
It is suggested, that the development of the 04 fold and thrust belt was accelerated by 
the presence to the north of the Lobster Cove Fault, of a horst or half-horst emerged along 
a high angle listric fault- represented now by the Long Island Tickle Fault The Long Island 
Tickle Fault formed a buttress, too steep and too high to be a suitable ramp for the D4 
thrust and fold belt propagating from the south. When the belt reached a buttress, the 
thrust proragation was restrained and the thmst stack started to fold and to imbricate. In 
this case thrust sheets simply piled in front of the horst along the Long Island Tickle Fault 
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The D4 event was probably accommodated on Long Island by a formation of footwall 
shortcut fauits, which probably led to the formation of D4 thrusts and folds in the Long 
Island subdomain. In the Halls Bay Head area, secondary thrust faults in the footwall cut 
into the Cut well Group and Stag Formation rocks resulting in a footwall thrust stack. 
An additional barrier was possibly formed by the Brighton Complex. The indented 
shape of the fold and thrust belt on Pilley's and Triton Islands is in contrast with the straight 
outline of southern shore of Long Island, that is separated from Pilley's and Triton Islands 
by the Long Island Tickle Fault. Pigeon Island, a rock off Long Island's southern shore, 
p:-r>bably represents a fragment of the Brighton Complex, pushed against the wall ofthe 
high angle Long Island Tickle Fault. The rock on Pigeon Island consists of altered gabbro 
and serpentinite blocks immersed in a carbonitized, strongly sheared matrix, which is 
characterized by an omnipresent C-S mylonitic fabric. An orientation of sympathetic shear 
fractures in the several gabbro blocks implies sinistral strike-slip in present position (Fig. 
6 . 12 ); whereas, the C-S mylonites reveal oblique thrusting in the NE direction. Although 
there arc no indications with respect to relative timing of these two movements, it is 
assumed that rigid blocks preserved the memory of an older event (sinistral strike-slip?); 
whereas, the C-S fabric in the mylonitized matrix indicates the latter event. 
6.11 Summary And Conclusions 
Field relationships suggest that at least five major deformational events affected the 
Notre Dame Bay area. The first event (D1) is associated with non-penetrative deformation 
reflected in formation of chloritic shear zones within pillow lavas of the Lushs Bight Group. 
The shear zones display a strongly mylonitic foliation, and several are associated with 
sulphide deposits (Fleming, 1970; Kennedy and DeGrace, 1972; Kean et al., 1995). The 
-500 My old, hornblende- and pyroxene-phyric dykes intrude rocks of the Lushs Bight and 
West~;n Arm gro~ps, arc particularly abundant within or near the D1 shear zones, and are 
post-tectonic with resper.t to D 1. No D 1 folds have been identified. 
The second ev~nt (D2) is a regionally penetrative event that produced closed to tight 
major upright folds and an associated axial planar cleavage which can be recognized 
throughout the Notre Dame Subzone (e.g. CaJon and Green, 1987; Pope et al., 1990). The 
Coopers Cove pluton displays a well developed S2 foliation, and its U-Pb (.r.ircon) agt• of 
465 +/- 2.5 Ma provides a maximum age for the 02 defom1ation. To th~ south ofth\! 
Lobster Cove- Chanceport Fault, this event predates deposition of the Springdale Group 
and red beds. 
The third deformational event (03) is a major regional event manif~stcd by the 
emplacement of an alpine style nappe consisting ofthe Cambrian-Ordovician rod:s (Lushs 
Bight and Western Ann Groups) upon the Lower Silurian Springdale Group and the 
underlying Lower Ordovician Robert's Arm Group. Sedimentary red beds ofpost-Lowt·r 
Silurian age that overlie both the Springdale and Robert's Arm groups, mark t1 ,c S(llc thrust 
fault (the Lobster Cove Fault) to the nappe throughout the study area, and arc interpreted 
to be dynamicaliy related to the nappe, having been deposited in the foreland basin forming 
in front of the advancing nappe. A large scale imbrication took place during this event. both 
within the nappe and underlying rocks ofthe Springdale Group, and most of the tn<ljm, NE 
striking and southeasterly verging thrust faults were generated at this time. The D3 
deformation is primarily responsible for the present distribution oflithostratigraphic and 
structural units within the Notre Dame Bay area. 
The effects of the 04 deformation are mainly visible in the Eastern and Northt•rn 
Domains. It is reflected in an apparent rotation of the Lobster Cove Fault, and folding and 
thrusting in rock •mits north and south of the fault This deformation seems to he assm:iatcd 
with a generation of a large regional, northerly plunging antiform, that has a hinge zone 
locate:i in the southern part of the Halls Bay Head Peninsula, and a similar northerly 
plunging syncline with the hinge zone in the Springdale area. 
The 05 deformation represents the second major regional event, which resulted in 
north-northwest directed high-angle thrusting and creation of several foreland propagating 
duplexes of various size (e.g. in the Western Arm section). This event involves rocks of red 
bed unit and is probably of Lower Carboniferous age. 
Structural and Slratigraphic relations observed along the Lobster Cove - Chant;eport 
fault indicate a multi-stage movement history of initial eastward emplacement of the Notre 
Dame Nappe during the mid-Silurian(?), followed by post-emplacement, smaller-scale 
movement to the west, and then late stage steepening of structures and rock units in the 
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region Oeformation associated with the nappe emplacement resulted in widespread 
disruption ofthe hanging-wall of the Lobster Cove- Chanceport Fault. The Ordovician 
igneous and sedimentary rocks of the Notre Dame Bay Nappt: next to the fault on Sunday 
Cove, Pilley's and Triton islands arc steeply dipping and face the fault and the red bed 
sequence. The empla-::emcnt of the Notre Dame Bay Nappe over the rocks of the Springdale 
Group and the apparent younging of rocks in both units towards the fault implies that the 
hanging-wall thrust sequence forms part of a regional-scale recumbent fold, i.e. it is an 
"alpine" style nappe. The footwall sequence was also deformed and locally, in the 
Springdale area, the red bed sequence is overturned. East of Springdale, deformation in the 
footwall decreases and the nappe overlies a sequence of red beds and Ordovician rocks of 
the Roberts Arm Group. The strong spatial association of the red bed sequence with the 
Lobster Cove- Chanceport fault suggests that the red beds are dynamically related to the 
nappe and they are interpreted to have been deposited in a foreland basin which was 
eventually overriciden by the nappe. Age constraints implying a post-425 Ma age for the 
red bed sequence and pre-408 Ma for nappe emplacement are consistent with this model, 
but are as yet insufficient to firmly establish a temporal link bctwl:!en the two events. As the 
nappe moved progressively eastward, the basin migrated with it and red beds are found as 
far east as New World Island. Away from the Springdale basin, the red bed sequence 
occurs in a relatively condensed section. 
The root zone for the nappe emplacement is not known; however, there are at least 
two possibilities One is that the Green Bay Fault rather, than the Baie Verte Line, was the 
root zone for the Notre Dame nappe during Early Silurian compression. The major, NE-SW 
trending Green Bay Fault forms the western limit to the Notre Dame nappe, and in general 
thrusts in both Dunnage Zone and Humber zone are verging away from this fault . This fault 
also bisects the western Dunnage Zone arad truncates the southern pan of the Baie Verte 
Line. The latter has traditionally been mapped as the boundary between the Dunnage Zone, 
the ancient continental margin of North America (Humber Zone) and the root zone for 
ophiolite emplacement. Occurrences of ophiolitic fragments between the Baie Verte Line 
and the Green Bay Fault are common and they are intruded by the Silurian Burlington 
Granodiorite. 
The presence of the Notre Dame Bay Nappe has signitkant impli~ations for tlw 
definition and distribution of the Notre Dame Subzone (Williams. t I. ct al , 19!\R) The 
nappe emplacement records a distinctive geologic event in the evolution of the Dunnage 
Zone and requires reappraisal of current tectonostratigraphic divisions. whiLh shouid not 
only reflect lateral, but also vertical zonation to address the presence of a nappe pile with 
subhorizontal rather than vertical boundaries. The Notre Dame Bay Nappe may be defined 
as an additional Dunnage subzone, and then the Notre Dame Subzon!! must be redefined, or 
alternatively, the Notre Dame Subzone composed of different nappes, such as :he Nott c 
Dame Bay Nappe and Buchans-Roberts Arm Volcanic Belt, can be treated as one of nappe 
complexes within the Dunnage allochthon, similarly to the nomenclature used prcst·ntly in 
the Scandinavian Caledonides. 
WL·stern Domain Eastern Domain Northern Domain 
Figure 6.1. An outline of the three ditlncnt structural domains in the area of 
study in the western NNre Dame Bay. 
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Figure 6.3. "Chaotic" chlorite-sericite foliation in dacitic tuff of the Welsh 
Cove Formation (Catchers Pond Panel). The S2 wraps around quartz phenocryst 
and lithic fragments. Note the "honeycomb" pattern of fracturing in the quartz 
phenocrysts; X 8.4, XPL. 
~~~~ 
Figure 6.4. Mafic pyroxene-phyric tuff of the Skeleton Pond Formation 
displays well developed S2 cleavage. Pyroxene phenocrysts reveal tails 
derived from the phenocrysts by grain size reduction, and deflected by 
rotation of phenocrysts; X 7 .6, XPL. 
Figure 6.5. The S2 "sericite schists" (western part of the Catchers Pond 
Panel) displaying well developed differentation into quartz-rich laminae, 
separated by thin mica-rich films, and trails of opaque minerals parallel 
to the microlithons. The S2 fabric was folded probably during strike-slip 
movement on the Green Bay Fault. X 7 .6, XPL. 
Figure 6.6. Red cherty sediment of the Skeleton Pond Formation (the Lobster 
Cove Fault zone, Triton Island) shows evidence of a strong penetrative strain, 
expressed by transposition of bedding into cleavage and the formation of 
intrafolial and rootless folds; X 6.8, XPL. 
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Figure 6.7. A) Distribution of "lamprophyric" and diabase dykes in the Little 
Bay Mine area (modified from MacLean, 1947); B) stereogram of poles to S2 
cleavage in the immediate area of the mine; C) stereogram of poles to dykes. 
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Figure 6.8. Red chert and intermediate reworked tuff of the Skeleton Pond 
Formation (Triton Island) with the S3 fracture cleavage and small scale thrusts 
and folds thought to be related to nappe emplacement. 
Figure 6.9. Minor hinterland dipping duplex in red chert sediment of the 
Skeleton Pond Formation (western Triton Island). 
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Figure 6.10. A fragment of a duplex (probably antifonnal stack) developed 
in cherty sediment of the Skeleton Pond Formation (eastern Triton Island). 
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Figure 6.11. Strongly carbonitized and mylonitized mafic and ultramafic rocks 
from Pigeon Island (southern shore of Long Island). The ubiquitous C-S 
mylonitic fabric indicates oblique thrusting in the NE direction. 
Figure 6.12. A clast of gabbro surrounded by mylonitic matrix like that in 
Fig. 6.11. The orientation of shear fractures within the clast and a slip 
direction implies sinistral strike slip. 
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Figure 6.13. Southwesterly dipping 
C5 shear bands cut across the S2 
cleavage and pillow lava of the 
Lushs Bight Group in the Little 
Bay Mine area. 
A) 
B) 
Figure 6.14 A, B. Domino structures developed in rigid pyroxene phenocrysts 
in the late Dl dykes in the Whalesback Mine area. The matrix also exhibits 
discrete deformation in the form of an anastomosing chloritic/sericitic fabric 
surrounding pyroxene phenocrysts. Dykes are deformed by northwest directed 
high shear bands and minor faults, thought to be related to the D5 
deformational event. 
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Figure 6.15. Structural sketch of the area west of Springdale depicting 
relationships between various panels of the Western Domain and the Silurian 
rocks of the Springdale Group and red beds; CBF - Catchers Brook Fault; 
LCF - Lobster Cove Fault; GPF - Gull Pond Fault. 
Figure 6.16. Outcrop of imbricated felsic volcanic rocks of the Welsh Cove 
Formation along the road linking the Trans-Canada Highway with the 
community of King's Point. This is a part of a larger foreland dipping 
duplex which predominantly involves rocks of the Springdale Group; 
the field of view is about 20m wide. 
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Figure 6.18. A D3 minor S-shaped fold-pair with an anti clockwise sense of 
asymmetry, developed on the normal fold-limb between a major antiform 
lying up-dip to the left (NW), and a major synform lying down-dip to the 
right (SE). The Southern Head area, eastern Long Island, looking east. 
The scale is 15cm high. 
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Figure 6.19. F3 folds that have an appearance of "drag" folds and are characterized 
by notably long normal limbs and short overturned limbs. Probably formed 
originally by buckling, and subsequently modified by simple shear acting 
parallel to bedding. The Southern Head area, eastern Long Island, looking 
southeast. The scale is 15cm high. 
Figure 6.20. (Right) The probable F3 
fold in limestone on southern shore 
of Lushs Bight, Long Island This 
has an overall appearance of pre-
lithification deformation, is non-
cylindrical and lacks a well developed 
cleavage. It may have resulted from 
refolding of an original soft-sediment 
structure. Looking east. The hammer 
is 35cm long. 
Figure 6.21. (Bottom) Minor F3 
Z-shaped folds with a clockwise sense 
of asymmetry, developed in bedded 
limestone and limey shale on Oil 
Island, west coast of Long Island. The 
fold geometry implies a major 
syncline to the left, and an anticline 
to the right. Looking northwest. 
M. Muggridge for scale. 
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Figure 6.22. Low-angle shear planes (thrusts) developed in intensely foliated 
melange on Seal Island, northeast of Long Island. Orientation of shear planes 
and cleavage is consistent with northeast-directed movement. The melange 
consists of blocks of strongly fractured limestone and mafic flows surrounded 
by shaly matrix. Looking northwest. The scale is 15cm high. 
6-68 
6-69 
NOTRE DAME BAY 
Twilling ate 
....... . .. . .. 
I Notre Dame Bay Area ~ Roberta Arm Group Intrusive ~ G 
~ 
~ 
Ordovician 
Betta Cove Complex I! !I Twilling ate Trondhjemite Ordovician volcano-and Snooks Arm Group 510 Ma u.. sedimentary sequences u.. Cambro-Ordovician ophiolites (.) D Springdale Group Ordovician [Q ~ ~ ophiolites and CJ and volcano-sedimentary . Silurian volcanics 
volcanic rocks I sequences [;] Coopers Cove Pluton ~ Silurian reel bed Silurian volcanic rocks 464Ma sequence • r 
BVL Baie Verte Line 
GBF Green Bay Fault 
LCCF Lobster Cove Fault 
AIL Red Indian Line 
LAF Luke's Arm Fault 
NWI New World Island 
Rocks 
• [Qj 
Figure 6.23. Schematic geological map of the Notre Dame Bay area; note that the 
legend reflects tectonic divisions in the Dunnage Zone. 
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Figure 6.24. A typical cross section of the Lobster Cove Fault in the Grand 
Dismal Cove area, western Triton Island. Looking west. Lithological units 
exposed in the outcrop are (from left to right): conglomerate and sandstone of 
the red bed unit; mafic (green) tuff of the Western Arm Group that is mylonitic 
on the contact with red sandstone, but only weakly schistose away from it; and 
on the extreme right, pillow lava of the Western Arm Group. L. Mandville 
for scale. 
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Figure 6.25. Mylonitic pillow lava of the Lushs Bight Group and cherts and 
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tuffs of the Skeleton Pond Formation north of the Lobster Cove Fault, juxtaposed 
with red sandstones and underlying mafic rocks of the Roberts Arm Group south of 
the fault, Lobster Cove, Sunday Cove Island. 
Rocks along the southern margin of the Lobster Cove Fault form an imbricate 
stack consisting of red beds and rocks of the Roberts Arm Group arranged in 
northeast- to northwest-trending domino-type horses. Deformation features within 
the red bed sequence (east-verging and north-plunging asymmetric folds and 
11drag11 folds on faulted contacts between horses) suggest that the Lushs Bight 
Group rocks have moved east with respect to rocks of the Roberts Arm Group. 
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Figure 6.26. Well developed mylonitic Sl foliation is present within 
tuffaceous and cherty sediments on Sunday Cove Island in the area immediately 
north of the Lobster Cove Fault. The mylonitic foliation is cut and crenulated 
by discrete shear bands (A and B) indicating an oblique southwesterly directed 
thrusting (Dl - D2?). Two generations of post-mylonitic, intrafolial folds (C 
and D) present in cherts indicate easterly directed movement related to D3 nappe 
emplacement. 
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Figure 6.27. Lobster Cove Fault in the Grand Dismal Cove area, eastern Triton 
Island. The Lobster Cove Fault is offset approximately 1.3 km along a 
northeasterly trending, sinistral strike-slip fault (Fig.6.27, inset). East of 
the offset, units juxtaposed along the Lobster Cove Fault form a map scale 
duplex. The duplex involves repetition of the red bed sequence, volcanic rocks 
of the Roberts Arm Group and cherty to tuffaceous sedimentary rocks of the 
Western Arm Group, as well as the Lobster Cove Fault itself. Well developed 
folds in the red bed sequence are reclined, verge westerly and plunge 
southeasterly (Fig.6.28). The overall sense of movement on the Lobster Cove 
Fault, as deducted from kinematic indicators in this area, is apparently dextral. 
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Figure 6.28. Reclined F-3 syncline in red beds on the Lobster Cove Fault, Grand 
Dismal Cove, Triton Island. Viewed looking south, the fold is verging westward 
and is indicative of an apparently dextral strike-slip on the Lobster Cove 
Fault. The axis of this fold plunges steeply in a southwest direction. The field 
of view is about 5m. 
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Figure 6.29. Bouguer gravity anomaly map for the area from the coast of Notre 
Dame Bay to the north and northeast (modified by Ron Wiseman from Haworth and 
~filler, 1982). Contours in milligru intervals. Line A-A' and B-B' show location 
of transects (Fig.6.30). North is to the left. 
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Figure 6.30. Geological models of gravity and magnetic data across Notre 
Dame Bay from Haworth and Miller (1982) and Miller (1990). 
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CIIAPTER 7 - TOWARDS AN INTEGRA TED MODEL 
7 .I Introduction 
The aim of this chapter is to integrate the stratigraphy, geochemistry and structural 
observations to produce a model which describes the geological and tectonic evolution of 
the western Notre Dame Bay area. To do this, the first section of this chapter will briefly 
review the major results from Chapters 3-6. Following this, a model for the geological and 
tectonic history of the study area will be presented and discussed Conclusions and 
recommendations for further study will end the chapter. 
7.2 Summary Of Major Results 
72J ST_RATI{JRAe]j_y 
A major result of this study has been the redefinition of the lithostratigraphy in 
western Notre Dame Bay. In particular, field mapping, geochronology and 
micropaleontology show that the geology of the area can be described in terms of two 
principal geological successions, one older than -500 Ma and one spanning the time 
interval from ca 485 to ca 465 Ma. These sequences record events that are significantly 
separated in time and have disparate geological histories that clearly represent contrasting 
tectonic environments. Their internal stratigraphies are illustrated in Figures 3.4 and 5.1. 
l.fc...L LThe Prl;-500 Ma Sequence 
Lithostratigraphic units included in the pre-500 Ma sequence are spatially associated 
with each other, and assigned to the Lushs Bight Group (Indian Beach Complex, Little 
Bay Basalt), and the lower and middle parts of the Western Ann Group (Sugar Loaves 
Basalt, Skeleton Pond Formation and Big Hill Basalt). The Stag Formation may 
represent equivalent to this sequence . 
The lowermost part ofthe sequence is represented by sheeted dykes of fine to 
medium grained diabase and minor gabbro intrusions assigned to the Indian Beach 
Complex. Clasts of similar rocks types are found in breccia ofthe Stag Formation, 
although locally (on League Rock), pegmatitic gabbro and trondhjemitic fragments are 
more abundant. The main body of the pre-500 Ma sequence is dominated by pillowed 
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and lesser massive flows which. in the lower section, are typically intrud~d hy num~rous 
diabase sills and dykes. The pan of this lava pile that is included in the Lushs Bight 
Group (the little Bay Basalt) is characterized by widespread. locally cxt~nsivc ~pidotc 
and chlorite alteration which gradually diminishes towards the stratigraphic top of the 
group. Interpillow material, where present, has pale colours similar to the lavas 
Typicalty, pillowed flows ofthe Lushs Bight Group are characterized by a conspicuous 
chloritic foliation, particularly well developed in pillow margins, and locally by very 
strong flattening. In contrast, flows assigned to the Western Arm Group arc little 
altered, blackish to dark green in appearance, commonly magnetic, and usually with red 
and green interpillow chen. The Western Arm Group flows lack the well d~vclopcd 
cleavage and strong flattening typical of the Lushs Bight Group pillow lavas. In addition 
to mafic lavas, the upper part of the pre-500 Ma sequence (Skeleton Pond Formation) 
contains horizons of mafic pyroxene-phyric tuff and polymictic tut:brccciJ, with 
common beds of red to green chen and lesser shale, that are interbedded with massive 
to pillowed mafic flows. 
All of the formations of the pre-500 Ma sequence, as well as the Stag Formation. 
are intruded by probably co-magmatic intrusive rocks as well as a younger, 
post-kinematic dykes, that have hist.>rically been referred to as "lamprophyric". These 
dykes are particularly common in the area of the Whalcsback and Little Bay mines, 
where they form swarms that intrude the chloritic shear zones associated with the 
massive sulphide deposits. Many of these dykes contain large hornblendes and 
clinopyroxenes, as well as xenocrysts and/or clustered phenocryst assemblages, which 
locally exceed 50% of the rock. Homblendes from several dykes were dated by the 
40 Ar/39 Ar method at -509 to 488 Ma. A chemically identical dyke intrudes breccia of 
the Stag Formation In addition, the Stag Formation is intruded by minor bodies of 
gabbro, and hornblende from one such intrusion yielded a 41'• Art'') t.r age of - 506 Ma 
There are no reliable faunal indicators of the age of this older sequence. 
The dykes are of critical importance in understanding the geological history of the 
western Notre Dame Bay area as their age provides the first clear evidence of the 
presence ofpre-500 Ma stratified rocks in this area. As will be seen below, they also 
provide an important constraint on the tectonic environments which the pre-500 Ma 
ro~.:ks encountered during their early Ordovician, post-depositional history. 
7 4 L4 Th_g_4~S - 465 Ma Sequence 
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This younger sequence is much more heterogeneous than the pre-500 Ma sequence 
It includes the upper portion of the Western Arm Group (Welsh Cove and Western 
I lead Formations) The Welsh Cove Formation, although mainly volcaniclastic and 
characterized by massive, thinly laminated and convolutely folded felsic tuff (probably 
ignimbritic), also contains pillow lava and polymictic tufrbreccia, felsic tuff and 
monomictic tuff breccia, and minor felsic flows and intrusions. In the Springdale area 
this sequence includes, as well, a single bed of fossiliferous limestone which has yidded 
an early to middle Arenig conodont fauna. A porphyritic tufl·from this same unit yielded 
a U-Pb zircon age of -480 Ma, early to middle Arenig according to Cooper's ( 1992) 
scale The Welsh Cove Formation is intruded by numerous diabase and gabbro sills and 
dykes, that in the type section form over SO% of the bulk exposure, but in other sections 
arc of limited volume. 
The Western Head Formation is stratigraphically above the Welsh Cove Formation 
and normally contains a relatively homogenous tuff breccia, typically with 
pyroxene-phyric mafic clasts. Less voluminous hornblende-phyric tuff occurs at or near 
the exposed top of the unit. A comparable tuffbreccia characterized by 
pyroxene-phyric mafic fragments associated with mineralogically and texturally similar 
pillow lava is present in the lowermost exposed part of the Cut well Group on Little Bay 
Island. In both locations basalts contain abundant, large vesicles, indicating an originally 
high volatile content. However, clinopyroxenes in the tuffbreccia differ; in the Western 
I lead Formation tuff breccia they are diopside, whereas flows and clasts in tuffbreccia 
on Little Bay Island contain augite. Samples ofhornblende-phyric tuff from two 
separate localities in the Western Head Formation yielded 40ArP9Ar (hornblende) ages 
as old as -465 Ma. 
A possible equivalent to this sequence in the northeastern part of the study area is 
tl-" outlying Cutwell Group. The Cutwell Group, separated from the Western Arm 
Group by a fault, is divided into four formations. which represent a time span that 
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overlaps the deposition of the l!pper two fonnations of the Western Arm Group Th~· 
lowermost Pigeon Head Formation is a southwest dipping and fa~ing unit. whi~h 
contains cherty shale interbedded with tutTaceous sandstones, and overlain by a 
polymictic tuff breccia. It is intruded by a distinctive suite of black aphanitic diahasl' 
and fine- to medium-grained gabbro sills and dykes, that are mineralogically and 
texturally similar to flows in the lower fom1ations of the Western Arm Group. Thl'rr is 
no direct evidence as to its age of formation. 
The Long Tickle Formation consists of a reworked tuff, chert and chl'rty shall', 
polymictic lapilli tuff and tuff breccia, and locally tuffaceous, bioclastic lime-stone 
interbedded with red argillite. These tufT and lapilli tutT/tuiT breccia litholacil's intertingl'r 
with the flow lithofacies represented by pillowed and brecciated matk flows, which 
form the main pan of the exposure in the eastern and southern sections of Long Island 
Siliceous shaie in lower portion of the Long Tickle Formation has yielded late Arenig 
graptolites, and a similar age is indicated by conodont fauna from blocks in a limestone 
debris flow, also in the lower pan of this fonnation. The uppermost horizon of the 
tuff-breccia included in the formation contains limestone clasts with a conodont fauna, 
the youngest of which indicate an early Llanvirn age. 
The Parson's Point Formation contains interbedded welded mafic tufT, greywackc. 
shale, peperite, limestone and limestone breccia. These rocks interfinger with and arc 
conformably overlain by felsic pyroclastic rocks of the Seal Cove Complex The 
conodont fa•Jna from limestone debris flows reveals a significant diversity in age The 
lower pan of the formation ranges from uppermost Arenig to early Llanvirn, whereas 
the upper horizon ofthe limestone breccia yields a younger fauna, representing a time 
span from the early/middle Llanvirn to the late Llanvirn, and possibly to the base of the 
Llandeilo (Ordovician time scale ofTucker et al., 1990). The graptolite assemblage 
obtained from the Parson's Point Formation indicates most likely an early I Janvirn age 
for the shale, that is cut by younger limestone debris flows. 
Felsic volcanic rocks in the Seal Cove Complex include common plagioclasc-phyric 
tuffs and tuff breccias, and rare felsic flows which in places are difficult to distinguish 
from co-magmatic intrusive phases. Columnar jointed, banded flows and monomictic 
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felsic tufTbrcccia arc associated with a partially emergent felsic cryptodome in the 
eastern part of Long Island, immediately overlying mafic pillow lavas, tuff breccia and 
hematitic tufT of the Long Tickle Formation. The extrusive rocks are commonly 
silicified, scricitizcd and locally carbonatized. 
The Cut well Group is intruded by a variety of dykes, sills, plugs and small plutons 
which range from diabase and gabbro to quartz-feldspar porphyry and granite. Some 
types of intrusive rocks (such as those intrusive into the Pigeon Head Formation) are 
associated only with particular units. The majority of rocks intrusive into the Cutwell 
Group are co-magmatic; however some larger granodioritic bodies and dykes are 
post-kinematic with respect to main deformational events. 
7.2.2 (;E()CUEI\HSTRY 
The geochemical results will be summarized in terms of the two geological 
sequences defined in the area. The results for the 509 - 488 Ma high-Mg dykes are dealt 
with separately, because they provide crucial time and tectonic constraints. 
LZ:2_ I Geochemistry Of The Pre-500 Ma Sequence 
Within the pre-500 Ma sequence, the Lushs Bight Group, appears to be 
gcochcmically relatively homogeneous when compared to the other units (cf Kean et at, 
1994 ). It is dominated by strongly depleted and refractory arc lavas of A-1 (boninitic) 
and A-2a,b (island arc tholeiite) types. The A-1 type (boninites) is cut by SA-l type 
dykes (also boninitcs). The relationship between the A-I and A-2a,b groups is unclear; 
however, Kcan et al. (1994) report that an A-2 type dyke cuts an A-1 lava suggesting 
that locally at least, the A-I rocks may be slightly older. 
The Western Arm Group contains rocks that belong to NA-2 (T-MORB type 
tholeiites). TR (arc/non-arc transitional flows) and A (arc) geochemical types. The NA 
lavas arc found in the Sugar Loaves Basalt, the lowermost Skeleton Pond Formation, 
and the Big Hill Basalt TR type flows commonly interfinger with the NA type lavas in 
the Big llill Basalt. Lavas with a well developed arc signature of A-2d subtype are 
present in the lower part of the Skeleton Pond Formation. 
The Stag Formation consists dominantly of A and NA type lavas, which are cut by 
A type dykes. The arc lavas are flat tc LREE - depleted island arc tholeiites. The 
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non-arc lavas are E-MORB type lavas. unlike any other non-arc \'(lkanic HKI..s in tlw 
area. Among the arc dykes which cut this formation arc the LREE-cnridtl·J. 509--lSS 
Ma high-Mg dykes (type SA-3A). 
The distribution of geochemical types between the l.ushs Bight and Wcsll'rn Ann 
Groups suggests that, at least across the presently defined contacts, there is no 
substantial change in the chemistry of pillow lavas. Lavas with gcodtl'mical 1'-·aturcs 
similar to Lushs Bight Group flows are found as high as the Skddon l'ond hmnation in 
the Western Arm Group. In the Stag Formation. such lavas arc found within tlw 
Breccia Member and Upper Basalt Member, separated by E-MORB-typc lluws Ltkl·n 
together the geochemical evolution of these groups supports a very gradational or 
transitional change between the tectonic setting represented by the Lushs Bight and 
Western .A..rm groups. The dominantly arc setting of the Lushs Bight Group givl~s way 
upward to a setting dominated by magmatic rocks which lack the arc signature 
interbedded with minor arc-related flows. Comparison with modern environments 
indicates that the close association of arc and non-arc lavas is most commonly 
encountered in back-arc basins and thus the geochemical evolution of the prc-500 l\1a 
sequence is interpreted to reflect a tectonic evolution from island an; to back -arc b<1sin 
The position of the Stag Formation may be further elucidated hy using gcochemkal 
evidence. Clasts in the Breccia Member show similarity in geochemistry to the most 
depleted sheeted dykes and lavas of the Lushs Bight Group. llowcvcr, diabase and 
gabbro intruding the breccia, and some of the lavas interfingering with the breccia have 
a close affinity to the less depleted generation of dykes and lavas of the Lushs Bight 
Group. Therefore, pointing to the possibility of derivation of the hrcccia clasts from 
units identical to or of the Lushs Bight Group itself A close similarity is also revealed 
between arc type flows from the basalt members overlying the breccia, to lavas of 1 he 
Skeleton Pond Formation, and the non-arc lavas of the Lower Basalt Member arc also 
comparable in most aspects of their chemistry to those of the Big llill Basalt Therefore 
it is suggested that the Stag Formation consists of rock units that arc correlatives uf 
both the Lushs Bight and Western Arm Group. 
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7 2 2 2_ (jc;<J~h~mj~JJ:y_Q[Jbe 509- 488 Ma Dykes 
The 509-488 Ma dykes include three subtypes: SA-2c, SA-2d, and SA-3a which 
reflect, respectively, increasing strength of the arc signature and steepening of the slope 
of the Rl J:. patterns Dykes of all three types seem to be associated spatially with each 
other and intrude pillow lavas of the Little Bay Basalt, Skeleton Pond Formation, Big 
I lilt Basalt, and the Stag Formation. 
The dykes arc of calc-alkalic c1ffinity, according to most discrimination diagrams, 
and members of a medium- to high-K suite. The SA-2d, and SA-3a subtypes are 
characterized by relatively high Mg number (- 64-68). An affintty to within plate 
volcanism for the SA-2d subtype is implied by Zr-Ti-Y and Zr-Nb-Y diagrams, but 
formation in a continental arc setting is suggested by Zr-ZrN and Nb!Yb-Th/Yb 
relationships 
7.2 2_J __ (i<;Qc_h~'IIi~try OfThe 485 - 465 Ma Sequence 
The Welsh Cove and Western Head Formations contain only A type flows and 
tufTs, n ;presenting the A-2e, A-2e(t), and A-2f subtypes. There is very little difference 
between flows of the Welsh Cove Formation assigned to the A-2e subtype and tuffs 
collected from both of those formations and assigned to the A-2e(t) subtype. Members 
of both subtypes are calc-alkalic and belong to a medium-K suite characterized by 
noticeable LREE enrichment. Discrimination diagrams imply their formation in a setting 
transitional between intraoccar.ic and continental arc. The Welsh Cove Formation also 
contains extensive felsic volcanic rocks of CA arc affinity that are members of a 
mcdiurn-K suite, and are assigned to the F-1 type. Samples ofthe A-2ftype occur in 
the Western Head Formation (one is from a flow or sill from the section assigned to the 
Welsh Cove Formation) and are calc-alkalic and of medium- to high-K suite. 
Discrimination diagrams imply an affinity to continental arc. Extended REE patterns 
show a striking similarity between the A-2f subtype and the SA-2d subtype - 500 Ma 
dykes suggesting, perhaps, similar sources and tectonic setting. 
In contrast to the arc related volcanic rocks that form both uppermost formations 
oft he Western Arm Group, subvolcanic rocks which occur as locally voluminous sills 
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intruding the Welsh Cove Formation are of non-arc (SNA) and transitional (STR-1, 
STR-2) affinity. Most of the sills of the Welsh Cove Formation lack a strongly 
developed negative Nb anomaly (STR-1 ); even when they exhibit a weak island arc 
geochemical signature in Nb, other aspects of their chemistry (e.g. Ti/Zr, Til\' ratios) 
indicate some non-arc affinity (STR-2). 
Of particular interest is the fact that the lowem10st lithostratigraphic unit of the 
Cutwell Group, the Pigeon Head Formation, dominated by epiclastic and volcaniclastic 
rocks, is also intruded by STR-1 and STR-2 type sills and dykes that arc gcochcmically 
identical to those intruding the Welsh Cove Formation. The age of these intrusions has 
not been established by age dating; however, because they only intrude two 
approximately coeval units (the Welsch Cove Formation is dated at- 480 Ma and 
contains a limestone bed with an early to middle Arenig fauna; the Pigeon I lead 
Formation is pre--470 Ma and predates shale of the Long Tickle Formation that 
contains upper Arenig graptolites) and are not found in the overlying Pigeon I lead 
Formation, nor in the Western Head Fonnation that overlies the Welsh Cov...: 
Formation,.they are interpreted to be Ordovician in age. 
Other units of the Cutwell Group arc characterized exclusively by arc rei at ed 
volcanism. The Long Tickle Formation is dominated by LREE enriched, transitional 
THICA lavas of the A-4 type and intruded by a geochemically similar suite of C A dykes 
assigned to the SA-3 type which, however, are of somewhat higher-K affinity . The 
Seal Cove Complex consists of voluminous felsic tuffs and tuff breccias, dykes and 
minor flows that are combined in the F-2 type, and are characterized by ofCA, high-K 
arc affinity. 
7.2.3. PALEOTECTONIC IMPLICATIONS 
7.2.3.1 The Pre-500 Ma Sequence 
The Little Bay Basalt includes two types of volcanic rocks, boninites and LREE 
depleted arc tholeiites. In terms of geochemical characteristics, the Lushs Bight Group 
boninites reveal REE patterns that are typical of boninites from the type area in the 
Bonin Islands. Although it has recently been shown that rocks with boninitic affinities 
can be found at various stages of arc evolution (e.g . type locality in the lzu-Bonin 
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forearc), and rocks with some geochemical features ofboninites have also been 
recovered from actively spreading back-arc basins (e.g. the Lau Basin), boninites sensu 
stm.:to are thought to be associated exclusively with intraoceanic arc settings and their 
genesis is widely considered to be linked to the onset of subduction. In boninites, the 
enrichment in Th, LREE and Zr with respect to other REE and HFSE is interpreted to 
reflect the addition of a subduction-related component to a strongly refractory source 
region. It has recently been suggested that the concave-upward shape of the boninite 
REE pattern reflects the role of amphibole in that subduction-related component. 
The LREE depleted tholeiites of the Little Bay Basalt in the A-2a to A-2c subtypes 
are similar to rocks which are commonly associated with the early stages of arc 
evolution. Only a few occurrences of such rocks have been reported from modem 
island arcs. The closest in terms of REE profiles to the most depleted samples (A-2a 
type) are rocks from the East Halmahera Ophiolite (Eastern Indonesia) and strongly 
depleted arc tholeiites recovered from the trench wall at the intersection between the 
Mariana and Yap trenches. Modem analogues for the A-2b and A-2c subtype are found 
in the Kermadec island arc, considered to be at a more primitive stage of arc evolution, 
than its northern extension, the Tonga Arc. Similar rocks occur in the Tonga and 
Mariana isll!nd arcs, where they are found in the trench wall and in the older part of the 
arc, respectively. In the Kermadec arc, a variably depleted MORB-like mantle wedge 
was postulated to be source of these lavas, and in all cases, this type of flow is 
interpreted to be associated with an early stage of arc evolution. 
Volcanic rocks with REE and chemical characteristics ::;imilar to the Skeleton Pond 
Formation A-2d subtype tholeiites are somewhat more common in modem uc/back-arc 
settings. Goo~ analogues have been reported from back-arc spreading centres of the 
Tonga, Mariana and lzu-Ogasawara back-arc basins. 
REE profiles and most chemical features of the A-3 type tholeiites from the Stag 
Formation are similar to lavas from the Tonga and Kermadec arcs, but are also 
somewhat like lavas of the Valu Fa Ridge, Lau Basin, in which a well defined Nb 
anomaly indicates the presence of a slab-derived component in the back-arc basin mantle 
source. REE patterns of the A-3 samples are subparallel to those of the Valu Fa Ridge 
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samples. although they are less fractionated than their modem counterparts and difT~r 
from them in the lower Ti, Zr and ZrN, and higher V. 
The arc lavas of the Skeleton Pond and Stag fom1ations arc spatially associated 
with the NA-2 and TR type, and NA-1 type flows, respectively. These show affiniti~s 
to flows erupted from "anomalous" segments of ridges associated presently and in the 
past with mantle plumes/hot spots. Good analogues to various flows of the NA and TR 
type include lavas from the southern MAR segment associated with the Tristan da 
Cunha mantle plume, lavas from the Galapagos hot-spot spreading center, and the 
Tamayo Fracture Zone near the mouth of Gulf of California. Mauna Loa (llawaii) 
tholeiites, thought to represent uncontaminated partial melts of a plume source, also 
display extended REE plots broadly similar to some of the NA-2 samples llowever, the 
NA-2 and TR samples particularly closely resemble sills in the Yamato Rasin, Sea of 
Japan. The Japan Sea is a marginal basin formed by crustal thinning and rifling of a 
continental volcanic arc (proto-Japan arc) in the mid-Tertiary, an<! :he Yamato Aasin in 
the southern part of the Sea is founded on extended continental crust. These sills, cored 
in ODP holes #794 and #797, intrude sediments on both sides of the Yamato spreading 
center (Yamato Basin), and although found to be broadly similar to rocks from other 
marginal basins, they are interpreted by some to be related to "continental initial rifling". 
Some of the NA-2 rocks also have adequate analogues in rocks erupted from the 
spreading ridge in the Guaymas Basin, Gulf of California. The mantle underlying the 
Guaymas Basin and central part of the Gulf of California is thought to be metasomatized 
and to c.ontain a minor sub-contim.:ntal (calc-alkalic) component inherited from 
prolonged arc volcanism in that region. This has resulted in the eruption of transitional 
rift tholeiites with La!Yb and Zrffi ratios higher than those from the mouth of the Gu!f 
of California, where there is no history of arc volcanism, or of those from its southern 
intraoceanic segment, the East Pacific Rise. 
Among modem back-arc basins, lavas ofthe Ogasawara Trough- a nascent 
back-arc behind the Izu-Ogasawara arc, serve as close analogues for some of the TR 
samples, in terms of extended REE patterns, Sm/Nd ratios and Nb abundances. The 
Ogasawara Trough rocks are characterized by REE patterns that show affinity to 
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E-MORB, but their relatively low Ti!V, Nb, Ti and Zr are characteristic of island arc 
tholeiites. They are thought to result from variable mixing of E-type MORB, which 
may be generated at rift initiation, and depleted IAT magmas. 
In summary, the NA and TR type lavas show a strong affinity to MORB, 
particularly to that erupted from "anomalous" segments of spreading ridges. Many of 
these rocks display, as well. a close similarity to the products of within plate volcanism. 
Although the NA type rocks have geochf''llical analogues in a considerable variety of 
intraoceanic and intracontinental rifts, their TR type counterparts have better analogues 
in flows from back-arc basins, particularly those in an incipient or immature stage of 
evolution (e.g. Ogasawara Trough, Mariana Trough, Lau Basin), as well as in flows 
from young and more mature marginal basins (e.g. Gulf of California and Japan Sea, 
respectively). Marginal basin environments, such as Sea of Japan or GulfofCalifornia, 
both of which are r.onsidered to be related to mantle plumes, are one environment where 
the association of NA and TR type rocks might be expected in close association with arc 
lavas and are considered to be the likely setting for the formation of both NA and TR 
type rocks. 
7 2.3 2 The 509- 488 Ma Dykes 
The high- Mg dykes (the SA-2c, SA-2d, and SA-3a types) are geochemically very 
similar to high-Mg andesites terme:l "sanukitoids" that occur in southwest Japan, which 
arc considered to form in tectonic settings similar to that ofboninite formation, i.e. near 
the trench and during the subduction of a hot and young lithosphere. In Japan, the 
short-lived high-Mg magmatism apparently occurred immediately after initial back-arc 
opening. Some of the high-Mg dykes have geochemical analogues in some modem 
high-Mg andesitic rocks termed "bajaites", the sporadic occurrence of which (Baja 
California, S. Chile, Aleutians) is linked to the termination of subduction resulting from 
a ridge-trcncl". collision. Extended REE patterns of the SA-2d type dykes display a 
particularly good correspondence with some samples from the Baja California region. 
7.2.3.3 The 485 - 465 Ma Sequence 
Flows with chemical features similar to the A-2 type rocks of the Welsh Cove and 
Western Arm formations are reported from the intraoceanic island arcs of Fiji and the 
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Marianas, but rocks with analogous geochemical characteristics are also found in the 
Andes. These shoshonitic to calc-alkalic flows from Fiji. are linked to a volcanic 
activity arising from rifting of the extinct Vitiaz arc. Corresponding flows from the 
central part of the Mariana arc show a very good correspondence in extended REE 
patterns with those of the A-2 type; these lavas are typical of the mature central part of 
the Mariana arc but are unlike the enriched shoshonites of the northern. submarine part 
ofthe arc. 
REE patterns of A-2 type samples from the Welsh Cove Formation arc also rather 
similar to lavas erupted in the southern volcanic zone of the Andes. In particular. these 
A-2 rocks display a similarity to basaltic lavas from volcanoes located on thinner 
continental crust . Geochemical characteristics of the Andean lavas arc typically 
explained by variable mixing of a com;:>onent derived from subducted crust 
(characterized by high ratios ofTh and LFSE to REE and HFSE), and enriched mantle 
similar to OIB source or subcontinental lithosphere. An important contribution to these 
magmas may also be made by mid- and upper-crustal melts and intracrustal assimilation 
and fractional crystallization (AFC). 
Felsic volcanic and volcaniclastic rocks characterized by concave-upward REE 
patterns, such as those in the Welsh Cove Formation are presently found primarily 
within intraoceanic island arcs, for example the tonalite - trondhjemite Tholo suite of 
Fiji and rhyolites from the Bismarck Arc. However, equivalents to these fclsitcs arc also 
found in the regions underlain by young or subcontinental type crust (e.g. Taiwan, 
Japan). 
There is reason to believe that the SNA and STR type sills and dykes that intrude 
the Welsh Cove and Pigeon Head Formations are contemporary with the arc volcanism 
and perhaps were intruded within a relatively short period of time, coeval with 
deposition of these formations. If that is the case, then they maJ together with their 
host be similar to sill-sediment complexes such as the one in Guaymas Basin, Gulf of 
California, or Yamato Basin, Sea of Japan. This may indicate the existence of a 
younger (than Sugar Loaves-Big Hill Basalt) back-arc or marginal basin, not well 
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represented in the exposed sections of the Western Arm and Cutwell Groups, or at least 
an (aborted?) rifting event. 
The basal part of the Long Tickle Formation (Cutwell Group) contains flows and 
tuff breccias that are mineralogically, texturally and geochemically akin to the Western 
I lead Formation tuff breccia, but also display a geochemical similarity to tuffs and flows 
of the Welsh Cove Formation. Ankaramitic flows from that lower part of the Cutwell 
Group, included in the A-4a subtype, have only a few modem analogues in little 
fractionated, medium- to high-Mg lavas, that are considered to represent parental or 
primitive magmas, and are rarely exposed in island arcs. In general, a genesis and 
setting analogous to that in which are thought to form sanukitoids and bajaites was 
invoked for these rare rocks. 
In contrast to these, samples of the A-4b subtype have a wide range of modem 
analogues, that are associated with both intraoceanic and continental arc settings, 
including the Aleutians, Sunda arc, and the Southern Volcarjc Zone of the Chilean 
Andes, i.e. mature continental arcs attached or adjacent to a continent. Ot~er analogues 
for the A-4b samples are shoshonitic, rift related lavas of Fiji, and shoshonitic lavas from 
the northern Mariana arc, that are thought to be derived from a source which i.• similar 
to that ofOIB. The A-4b type lavas resemble the wide range ofankaramites, alkali 
basalts and basanitoids from the islands of Grenada and Maitinique and the Lesser 
Antilles, displaying similar REE patterns and similar trace element ratios. Rocks of the 
Martinique and Grenada suite~ are interpreted to be derived from alkalic magmas that 
assimilated continentally-derived sediment. The possibility of a continental crustal 
contaminant in magmas parental to the Culwell Group is further emphasized by their 
similarity to flows of the Bushe Formation, Deccan,, which are interpreted to be 
strongly contaminated by upper continental crust. 
Dacitic and rhyolitic tephras with concave REE patterns similar to those of 
the F-2 type samples are present in the central Aleutians. 
7.2.3.3 Sources For The Notre Dame Bay Magmas 
A detailed consideration of possible sources for the western Notre Dame Bay 
magmas, using various combinations of trace elements that behave in diverse manners 
7- 14 
during different petrogenetic processes, permits not only an interpretation ofthC' nature 
of the magma sources and some insight into the petrogenetic processes that fonncd the 
magmas, but more importantly, further strengthens constraints on the tectonic 
environments in which the magmatism occurred. It is inferred that at least four types of 
sources contributed to western Notre Dame Bay magmatic rocks: I) normal depleted 
mantle like that commonly invoked as the source for N-MORB - type lavas; 2) 
enriched mantle similar to that commonly proposed to generate E-MORB and OIB 
lavas; 3) metasomatic fluids probably derived from the subducting slab; and 4) a 
continentally derived component (continental lithosphere, continentally derived sediment 
or continental crust sensu stricto). 
The influence of these sources on magma composition varies considerably from 
one unit to another, and in addition significant intraformational changes in the chemistry 
of lavas are present. Input from N-MO.RB and E-MORB sources is dominant in the NA 
and TR types. Most importantly, the TR type lavas show the slight but nonetheless 
clear influence of a metasomatic, slab-derived component, which is interpreted to cause 
the characteristic Th inflection in these rocks. Little or no crustal component in the 
parental magmas of the NA and TR type lavas is indicated . 
Addition of continental crustal material to source(s) of the suite of high-Mg 
"sanukitoid/bajaite" dykes, that intrude the lower pre-500 Ma sequence is clearly 
reflected by the Sm/Nd-Nd relationship. This is an important relationship because it 
implies that the pre-500 Ma intraoceanic sequence was emplaced upon continental crust 
by the time these dykes were intruded. Similar geochemical evidence inaicates that the 
petrogenesis of both mafic and fels!c lavas of the 485-465 Ma volcanic sequence 
involved a continental crustal component and that hornblende played a major role in 
their petrogenesis. This raises the possibility that this younger island arc was built upon 
continental lithosphere. 
7.2.3 STRUCTURE 
In past studies of the western Notre Dame Bay area, minimal effort was taken to 
integrate geochemical and structural observations. In this study, the care was taken to 
constrain the structural setting of all samples. There are four major results of the 
structural studies in this area, each of which is discussed in a separate section. 
7) J . .Lf_~ult~_Q~fi.ning The Boundary OfThe Study Area 
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The Green Bay and Lobster Cove Faults are two faults of regional extent within 
the Notre Dame Subzone, that form the western and the southern boundaries of the 
study area. The Green Bay Fault connects to the Cabot/ Long Range Fault system, a 
major fault system extending from White Bay to the area north of Cape Ray in 
southwestern part of Newfoundland. Along its course, the Green Bay Fault truncates 
the southern end of the Baie Verte-Brompton Line. The Green Bay Fault is poorly 
exposed and the precise kinematic history of the fault is poorly constrained. This faults' 
kinematic history may include formation and movement during first stages of Taconic 
Orogeny; however, the first documented movement is post-lower Silurian, and the latest 
established movement on the fault took place during or in the post-Carboniferous. 
The NE-SW to E-W trending Lobster Cove Fault is interpreted as east-directed 
thrust with an apparent strike-slip displacement, bringing rocks of the Lushs Bight and 
Western Arm groups over volcanic rocks of the Roberts Arm and Springdale groups. 
The red bed sequence overlying the Roberts Arm and Springdale groups immediately 
south of the Lobster Cove Fault is the youngest stratigraphic unit affected by 
movements along the fault. The Lobster Cove fault is correlated with the Chanceport 
Fault in the eastern part of the Notre Dame Bay. 
On Sunday Cove, Pilley's and Triton Islands, the strike of the Lobster Cove Fault 
is nearly parallel to bedding in the vertical to overturned and north-younging red bed 
sequence. The fault appears to be also parallel to the trend of volcanic and sedimentary 
rocks in the Robert's Arm Group. In most outcrops, the generally more deformed rocks 
of the Lushs Bight and Western Ann groups face into the Lobster Cove Fault. 
Deformation within the fault zone involved the red bed sequence, the Silurian and 
Ordovician volcanic rocks, and the fault itself, and the fault zone is characterized by a 
series of imbricate structures. In current orientation the duplexes appear as 
contractional structures formed in a dextral strike-slip fault system. 
7.2.3.2 Pre-500 Ma Deformation 
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The oldest recognized dt!formational event, D 1, is reflected in the presence of 
high strain chlorite shear zones in the Lushs Bight Group, some of which are hosts to 
the sulphide mineralization. Similarly to all rocks of the pre-500 Ma sequence. these 
shear zones are intruded by apparently undefonned sanukitoidlbajaite dykes The dykes 
are especially common within or near D I chloritic shear zones which are intruded by 
dykes mostly in en-echelon manner. Although most of the dykes arc planar, some 
exhibit buckling related to anticlockwise rotation a slight bend at their terminations. 
what supports the possibility of a late-kinematic emplacement of at least some of the 
dykes. 
7.2.3.3 Pre-Silurian Deformation 
The second event (D2) is a regionally penetrative event that produced closed to 
tight major upright folds and an associated axial planar cleavage, which can be 
recognized throughout the Notre Dame Subzone. The maximum age of this event is 
provided by the U-Pb (zircon) age of -465 Ma on the Coopers Cove Pluton, which 
similarly to its volcanic/volcaniclastic host rock displays a well developed S2 foliation 
This event predates deposition of the Springdale Group, and may be related to 
emplacement of the Notre Dame Subzone onto the Laurentian margin during the 
Ordovician Taconic orogeny. 
7.2.3 .3 Notre Dame Bay Nappe 
The third defonnational event (03) is a major regional event manifested by the 
emplacement of a previously assembled regional scale F2 recumbent fold, consisting of 
the Cambrian-Ordovician rocks (Lushs Bight and Western Arm groups). upon the 
Lower Silurian Springdale Group and the underlying Lower Ordovician Robert's Arm 
Group. Sedimentary red beds of post-Lower Silurian age that overlie both the 
Springdale and Robert's Arm groups mark the sole thrust fault to the nappe throughout 
the study area, the Lobster Cove Fault, and are interpreted to be dynamic~lly related to 
the nappe, having been deposited in the foreland basin forming in front of the 
advancing nappe. 
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I2~_uthcasterly Verging Fold And Thrust Belt 
The DJ deformation or a separate, latter phase of this deformation. is primarily 
responsible for the present distribution oflithostratigraphic and structural units within 
the Notre Dame Bay area. A large scale imbrication took place during this event, both 
within the nappe and underlying rocks ofthe Springdale Group, and most of the major, 
NE striking and southeasterly verging thrust faults, and assoc:ated folds, were generated 
at this time. 
The style of the OJ deformation was characterized by the development of 
numerous brittle-plastic shear zones (the Davis Pond Fault is good example) and 
associated, dominantly brittle, imbricate thrust systems in the Ordovician hangingwall 
rocks and in the Silurian footwall rocks. A foreland dipping duplex south of the 
Catchers Brook Fault involving rocks of the Springdale Group is one of the best 
examples of the latter structural style. 
?_,_~~3 . 4_f_ost-Ef!U2!acement DisruP-tion OfTh~ Notre Dame Bay Nappe 
The effects of the D4 deformation are mainly visible in the Eastern and Northern 
Domains. It is reflected in an apparent rotation of the Lobster Cove Fault, and folding 
and thrusting in rock units north and south of the fault. This deformation seems to be 
associated with a generation of a large regional, northerly plunging antiform, that has a 
hinge zone located in the southern part of the Halls Bay Head Peninsula, and a similar 
northerly plunging syncline with the hinge ZOile in the Springdale area. 
The 05 deformation produced a northwest verging, NE-SW trending fold and 
thrust belt, that is predominantly manifested by variably sized folds in the Eastern and 
Northern Domains, but mainly by high-angle reverse faults in the Western Domain. The 
05 folds form a wide variety of styles, and exhibit major differences in their shapes, 
interlimb angles and profile geometry. Bedding, and to some extent pre-existing 
cleavage, still have a strong mechanical control on folding, but at this stage major 
differences are controlled mainly by the shape of early fold profiles (e.g. Watkinson. 
1981). 
The F5 fold system forms a well defined pattern on a regional scale and produces 
a relatively complex fold interference pattern, which varies from the "crescent and 
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mushroom" (type 2), to more complex "double zigzag" (type 3) patterns The simple 
"dome and basin" (type I) pattern is less common and mostly observed in the Northern 
Domain, probably because of the fact that well developed early F2 folds were mainly 
isoclinal. This is consistent with the observations of Skjcrnaa ( 1975 ). who noted. that 
the type I interference pattern forms only when early folds arc open, anJ it disappears 
when early folds are isoclinal (see also Watkinson, I 98 I). 
A large, NE-SW trending and SW plunging regional F5 anticline dominates the 
southern part of Long Island and forms a large domal culmination ofT-shore within Wild 
Bight, as a result of interference with an early NW-SE trending fold . Parasitic DS folds 
were observed in several exposures along the shore of Wild Bight, but it was not 
possible to follow any ofthem for any distance, because of the complexity of 
interference pattern, and the dense system of high angle reverse faults associated with 
those folds. The F5 faults are slightly overturned towards the northwest; whereas. the 
associated axial planar cleavage and high angle reverse faults dip steeply towards SE. 
There, the resulting interference pattern is of the type I and the dominant fold trend 
changes from panel to panel. The overall large scale interference pattern for whole 
island is 1(->2). 
7.3 Geological And Tectonic History Of The Western Notre Dame Bay Area 
!ntegrating stratigraphic, geochemical and structural evidence allows us to crel:t a 
detailed geological history for the area. This history is presented in chronological order. 
starting with the oldest event. 
7.3.1 PRE-500 Ma 
The oldest rocks in the western Notre Dame Bay area are contained within the 
Lushs Bight Group and represented by sheeted dykes and voluminous pillow lavas. Both 
rock types are geochemically identified as boninites (predominantly pillow lava and lesser 
dykes) and low-Ti tholeiites (pillow lavas and sheeted dykes). Both, the boninites and 
tholeiites exist in structurally bounded units and no convincing crosscutting relationship 
were documented . The presence of pillow lavas and sheeted dykes indicates formation 
in marine, extensional environment; whereas, paleotectonic affinity indicated by their 
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geochemistry and correlations with the rocks from modem tectonic environments suggest 
formation in supra-subduction zone. Boninites are known to erupt typically during the 
onset of subduction, whereas the strongly LREE depleted tholeiites are commonly found, 
locally associated with boninites, in primitive island arcs in early stages of their evolution. 
Thus, in the prc-500 Ma period, from the geological record preserved in the Lushs Bight 
Group, one can invoke with some confidence the beginning and early evolution of the 
supra-subduction zone and emergence of a nascent island arc. An intraoceanic setting, 
probably removed from any input of a continent, is assumed for the arc and subduction 
zone. Polarity of this subduction zone and the geometry of an arc wtth respect to the 
continental margins that bounded that oceanic realm remains unknown. 
By the end of the pre-500 Ma period, a different tectonic setting was superimposed 
upo11 the early arc The depleted arc tholeiites are interleaved with lavas of non-arc, 
MORB affinity and IAT-like flows (Skeleton Pond Formation) typically found in young 
back-arc basins. This change in the tectonic environment is probably best evidenced in 
the geological record preserved in the Stag Formation, where crude breccia was formed 
consisting of angular blocks of lithologicaVgeochemical types common for the Lushs 
Bight Group prior to the eruption of first non-arc lavas. Formation ofthat breccia was 
associated with ongoing, but diminishing and eventually ceasing, depleted arc volcanism, 
and was probably derived by block faulting of the "Lushs Bight" arc related to the rifting 
event. 
If the Stag Formation can be used as a model section, then the early stages of 
volcanism associated with the incipient back-arc built upon the faulted arc basement were 
tapping almost pristine E-MORB like source, but at once giving a way to arc-like island 
arc tholeiites only slightly different (less depleted in trace elements) from those erupting 
in the pre-existing arc. The interleaving of non-arc and arc lavas provides evidence that 
the presence of non-arc lavas does not reflect an entirely new tectonic setting, but normal 
evolution expected ofthe regions overlying a subduction zone and formation of a 
back-arc basin. 
Apparently not everywhere in this back-arc setting first non-arc lavas were as 
enriched as in the case of the "Stag" segment of the spreading ridge, and the lowermost 
. , I"" ' . 
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non-arc flows C!t th'~ base of the Western Arm Group were almost identical with 
N-MORB. Following the record preserved in the Skeleton Pond Formation. it is evident 
that arc-like volcanism within the basin persisted for some period of time resulting in 
lA T -like lavas, like those commonly erupting from spreading ridges of young modl·rn 
back-arc basins like the Lau Basin or Mariana Trough. Eventually, as manifested hy rocks 
ofthe Big Hill Basalt, the more non-arc volcanism prevailed, but some enrichment of 
these non-arc lavas in Th and LREE suggests addition of a slab component •~nd.\n 
contamination by arc crust, leading to fom1ation of lavas with transition;;i Jfdaon-arc 
characteristics. At that stage, the non-arc and transitional lavas were nwrc typical of 
basins evolved near or on continental margins, such as Sea of Japan or Baja California 
and associated with mantle plumes. 
7.3 .2 FIRST DEFORMATION EVENT 
Pillow lavas of the Lushs Bight Group show effects of deformation that is not or is 
poorly recorded in the rocks of the lower part ofthe Western Arm Group This 
deformation is evinced in the presence of locally extensive high strain chlorit ic shear 
zones developed within and subparallel to bedding of pillow lavas of the Lushs Bight, 
implying that the first deformation was associated with the thrusting It is possible that 
this deformational event coincided with the block faulting and rifting postulated for the 
onset of the back-arc formation. Alternatively, since the cleavage defined mainly hy 
chlorite is also present, but not widespread in rocks of the Western Arm Group, it is 
possible that extensive seafloor alteration of the Lushs Bight Group pillow lavas made 
them much more prone to the deformation that otherwise involved rocks of both groups 
The timing of this deformation is constrained by the age of -500 Ma of high-Mg dykes 
that intrude rocks of both of these groups. Field observations suggesting that some of 
these dykes are probably late-kinematic supports deformational event that postdates 
back-arc stage and the deposition of non-arc rocks and of the Western Arm Group 
7.3.3 INTRUSION OF HIGH-MG DYKES 
Intrusion of high-Mg dykes into strongly depleted arc rocks of the Lushs Bight and 
non-arc and IAT lavas ofthe Western Arm Group mark yet another stage in the tectonic 
development of the western Notre Dame Bay area. All models for intrusion of such 
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dykes involve tectonic (preferably extensional) setting which will let a very hot magma, 
probably from an asthenospheric source, to erupt in an otherwise convergent 
environment. lntrusio11s of such unusual dykes are locally linked to various tectonic 
events in an arc evolution, which in the two best studied settings were identified as initial 
stages of back-arc opening (Japan), and the termination of subduction resulting from a 
ridge-trench collision (Baja California). Taking under the consideration that at the time 
of the dykes intrusion, the back-arc basin was already well established and well beyond 
the initial stage, the Baja California model may be considered here, but since it is not 
unique, some modifications may be required 
The high-Mg dykes in the western Notre Dame Bay are typified by geochemistry 
that indicates contamination of their magmas by a continental component. This 
component was not identified before, at least not very convincingly, in lavas of the Lushs 
Bight and Western Arm Groups. By piecing together this aspect of the dykes 
geochemistry with their possible late-kinematic emplacement, the arc - Laurentian 
continent collision and probable termination of subduction is invoked here for the "Lushs 
Bight" arc/"Western Arm" back-arc pair. Although there are few constraints on a 
polarity of subduction until approximately 500 Ma, the "Lushs Bight" arc must have 
been separated from the continent by at least a spreading ridge (ofthe Western Arm" 
back-arc"'7) not allowing a continental component into source regions of the arc magmas. 
Such geometry favours subduction beneath the continental lithosphere . Clearly, by -500 
l\1a ophiolitic rocks of the Lushs Bight Group were emplaced upon the continental crust, 
as evinced by presence of the "crustal" signature in high-Mg dykes. 
7_)A Dl.~PQSITLQ~jN_TIIE INTERVAL 485-465 Ma 
Intrusion of -~500 Ma old high-Mg dykes marks also a beginning of the era, -I 0-20 
l\1a long. from which there is no or little stratigraphic record preserved in the study area 
until about 485 Ma The post-485 Ma period in the evolution of the western Notre 
Dame Bay was characterized by predominantly calc-alkalic volcanism, including 
voluminous felsic products that include ignimbrites (but locally also mafic pillow lava) 
which arc typical of the Welsh Cove Formation. The felsic rocks show evidence for 
wntamination by continental crust implying that the tectonic environment of their 
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formation was in close spatial association with the continent. On the othrr hand. tidd 
observations suggest that volcanism was almost exclusively submarine and thrrc is no 
evidence for subaerial volcanism in the area . This precludes the possi~ility of an 
Andean-type subduction zone and for the evolution of the upper Western Arm Group in a 
continental arc setting. Numerous mafic sills and dykes of non-arc and transitional 
arc/non-arc affinity intrude solely the Welsh Cove Formation and the Pigeon I lead 
Formation of the Cutwell Group, and are not found in units und~rlying ur overlying thcsr 
two. An intimate association of the sills with these two units implies that both arc 
coeval, and that perhaps the sills (of non-arc to transitional affinity) and large amounts of 
felsic volcanic rocks (crustal melts?) are related to an (aborted?) rifting attempt This 
event is followed by arc-like volcanism in the rocks of the Western llcad Formation and 
units of the Cutwell Group overlying the Pigeon I lead Formation Based on isotopi\.: 
and faunal constraints it appears that this period of volcanism continued and achieved its 
maximum at -465 Ma resulting in voluminous felsic rocks of the Seal Cove Complex and 
contemporary magmatism reflected in intrusion of the Colchester-Coopers Cove pluton 
It is not known if the magmatic activity during this period was associated at all with 
ongoing subduction, and if there was subduction we do not know what the geumet ry of it 
would be. Geochemical data and inherited zircon of Archean age found in the felsic tufr 
of the Culwell Group (G.Dunning, pers.com.) indicate that close spatial association of 
the Western Arm/Cutwell tectonic environment with the continental crust/lithosphere 
continued throughout this period. It is quite possible, however, that the last pulse of 
pre-Silurian magmatism recorded in the western Notre Dame Bay area (Seal Cove 
Complex and Colchester-Coopers Cove intrusion) was associated with a major collisional 
event. There is evidence to suggest that emplacement of the Colchester- Coopers Cove 
intrusion was syn- to late-kinematic and coeval with the initial structural collapse of 1 he 
Buchans-Roberts Arm Volcanic Belt in the footwall of the llungry Mountain Complex 
Various stages of tectonic evolution ofthc wester., Notre Dame Bay area can be 
recognized in and compared to several modern tectonic environments including the Sea 
of Japan (rifting of old continental arc, formation of a marginal basin upon foundering 
fragments of thinned continental crust and ongoing active arc volcanism); Baja California 
7-23 
(ridge-trench collision and resulting emplacement ofbajaites, followed by arc-like 
post-subduction volcanism, and rifting leading to formation of a marginal basin), or 
Papua New Guinea In the latter, where there is an apparently "intraoceanic" setting, 
remote from the continent setting, arc-continent collision is driving slivers of continental 
crust into structural interleaving with ophiolitic and arc rocks, resulting in a geochemical 
imprint of post-subduction volcanism. 
7.35.J3.1iTWEEN 465 Ma AND SILURIAN 
The second period for which there is no geological record in the western Notre 
Dame Bay, took place after volcanism ceased in late Llanvirn/early Llandeilo, and ended 
with the early Silurian (lower Llandovery) magmatic event represented by the intrusion of 
the earliest phase of the episodic Silurian plutonism and volcanism of the Topsail Igneous 
Complex and the Springdale Group. The earliest components of this event have 
calc-alkaline, continental arc geoc.hemicaJ signatures, but an active subduction zone need 
net be invoked to explain this. 
:Zl§ _SILURIAN DEPOSITION 
Volcanic and volcaniclastic rocks of Silurian age were deposited in the Springdale 
area and thought to be empted in a large epicontinetal-type caldera (Coyle and 
Strong, 1987; Coyle, 1990). The U-Pb zircon ages presented by various workers 
indicated that the group evolved from 432.4 +1.7/-1.4 Ma to 425 +/-3 Ma (Chandler et 
al, 1987; Whalen et al., 1987~ Coyle, 1990). Volcanic rocks of the Springdale are 
overlain by the red bed sequence, the later of which is considered to represent "caldera 
fill" 
7.) ,}_t'J_~_PPE EMPLACEMENT 
The post-lower Silurian major regional event was manifested by the emplacement 
of an alpine style nappe consisting of the Cambrian-Ordovician rocks (Lushs Bight and 
Western Arm Groups) upon the Lower Silurian Springdale Group and the untierlying 
Lower Ordovician Robert's Arm Group, and possibly the Stag Formation/Cutwell Group 
assemblage. Scdimental)' red beds of post-Lower Silurian age that overlie both the 
Springdale and Robert's Arm groups mark the sole thrust fault to the nappe throughout 
the study area, the Lobster Cove Fault, and are interpreted to be dynamically related to 
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the napiJe, having been deposited in the foreland basin fonning in front of the advancing 
nappe. A large scale imbrication took place during this event, both within the nappe and 
underlying rocks of the Springdale Group, and most of the major, NE striking and 
southeasterly verging thrust faults were gt.nerated at this time. The OJ deformation is 
primarily responsible for the present distribution of lithostratigraphic and structural units 
within the Notre Dame Bay area. 
7.3 .8 POST-EMPLACEMENT DEFORMATION 
The post-emplacement deformation is reflected best in folding and rotation of the 
sole thrust to the nappe, the Lobster Cove Fault, which is subhorizontal in the 
Springdale area, nearly north-dipping and vertical on Sunday Cove Island, and 
overturned and south dipping on Pilley's Island and Triton Island. 
Post-emplacement deformation produced within the nappe and in its immediate 
footwall, a northwest verging, NE-SW trending fold and thrust belt, that is manifested 
mainly by high-angle reverse faults. The main structures in the western part of the Notre 
Dame Bay are hinterland-dipping duplexes, such as map scale duplex within units of the 
Western Arrr. Group in the Western Arm area. Rocks of the Lushs Bight Group arc 
thrust over the red beds of the probable Carboniferous age in the King's Point area . As 
a result of the thrusting, red beds are folded and possibly provide the lower bracket for 
the age of the D5 event. . 
7.4 Conclusions And Recommendations 
This study has highlighted the structural, tectonic and geochemical complexity 
within the Western Notre Dame Bay area, and there remain a number of o~.;tstanding 
problems which could be addressed by further dating, structural and isotopic studies. The 
latter would be particularly useful in addressing the full role that continental contamination 
has played in the petrogenesis of the medium- and high-K calc-alkalic rocks. Nonetheless, 
significant breakthroughs have been made in understanding the evolution of this area, and 
many of these have far broader tectonic and geologic implications then have been addressed 
in this thesis. 
In a regional context, cne of the most important results of this thesis has been the 
recognition of a pre-500 Ma intraoceanic terrane which was deformed and emplaced upon 
continental lithosphere by -495 Ma. The occurrence of the sanukitoidlbajaite dykes at 495 
Ma with a geochemical signature showing stro!'lg interaction with continental material, 
implies that oceanic arc - Laurentian continental collision (Taconic Orogeny?) and ophiolite 
obduction(?) took place earlier in the Notre Dame Subzone .. then had previously been 
suggcstcd/im~lied . The subsequent history of volcanism in tht: vea, while appearing to be 
consistent with an "intraoceanic" setting, also shows evidence of a strong continental 
influence. Together, with data from inheritance observed in U/Pb geochronology studies 
and Nd isotopic studies, the picture which is emerging for the late Ordovician evolution of 
the Notre Dame Subzone is one of either a continental margin arc or construction of arcs on 
foundered continental lithosphere. Either way the Laurentian continent is very close by and 
making its presence felt in the petrogenesis of the volcanics and their ore deposits. 
The recognition of the Notre Dame Bay Nappe is another major finding from this 
thesis. Post-lower Silurian nappe emplacement and synchronous imbrication ofthe nappe 
into a southeasterly verging and propagating fold and thrust belt, and subsequent post-lower 
Carboniferous overprinting by northwesterly directed high-angle reverse faulting and 
!mbrication make it very difficult to reconstruct the original stratigraphic order in this area. 
Recognition of the nappe provides a reasonable explanation for the often noted similarity in 
lithology, fauna, ages and geochemistry seen between the Cut well and Robert's Arm groups, 
i.e. the Cutwcll Group is exposed in a tectonic window from beneath the overlying Notre 
Dame Bay Nappe. 
This thesis demonstrates the value of doing regional geological studies in which use 
is made of a wide va1icty of tools. The structural studies are crucial for understanding the 
distribution and relati,.mship between rock units, and place stringent constraints on 
interpretation of geochemical and other data (for example, paleomagnetic studies). The 
geochronologic data are crucial for establishing not only the stratigraphic record, but also 
the history of deformation and thermal events. The geochemical data can help in 
establishing relationships between units, evaluating between different paleotectonic settings, 
and indicating when major changes in sources have occurred. The process by which the 
breakthroughs presented in this thesis were made, was largely an iterative (and time 
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consuming!) one, during which data from structural, geochronological and geochemical 
methods were continually used to test and constrain the development of modds . 
....- - ' . 
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APPt:~I>IX A 
Conodont Fauna From Locations On Long Island, Cutwell Group 
CL-!3-04: polimictic debris flow in North Beaumont; Upper Arenig- Upper Llanvirn. 
l'arapaltodusjlexuosus (Barnes and Poplawski) 
Walliserodus nakholmensis (Hamar) 
I )repanoistodus sp 
l'arapanderodus arcuatus Stout;e 
Periodon aculeatus Hadding 
l'rotoprioniodus cf P. simp/issimus (McTavish) 
Inarticulate brachiopods 
Clr 19-09g: lenses/clasts of limestone in cherty shale- Lower Llanvirn graptolites found 
by llcnry Williams ( 1988, I 9890); Upper Arenig-Llandeilo. 
Periodon aculearu.~ Hadding 
Cl.riJ-19: limestone breccia in the ditch, south of the Lushes Bight-Beaumont road, and 
jet to the picknic area; E .suecicus zone- Upper Llanvirn. 
Am·ella jemtlandica (Lofgren) 
llistivddla kristinae Stouge 
Periodon aculeatus Hadding 
l'rotopanderodus costatus n. sp. 
CL-IJ-22 (a, b) quarries south of the Lushes Bight-Beaumont road; Upper Are'lig-
Lower E .Succicus Zone (Llanvirn). 
An.w:lla jemtlandica (Lofgren) 
Ansdla .'>inuosa Stouge 
Haltoniodw•? premrahilis medius (Dzik) 
Cordylodu.\-? hvrridus Barnes and Poplawski 
Drepanoistodus'J cf. D. venustus (Stauffer) 
Drepanoistodus tahlepoilllemis Stouge 
Histiodella holodmtata Ethington and Clark 
J/istiodella kristinae Stouge 
Periodon aculeatus Hadding 
Protopanderodus cf P. varicostatus (Sweet and Bergstrom) 
Parapaltodus flexuosus (Barnes and Poplawski) 
Polonodus n sp. 
Spinodus cf S. spinatus (Hadding) 
Walliserodus ethingtoni (Fahraeus) 
Inarticulate brachiopods 
CL-13-24: bioclastic limestone accross the road from the CL-13-22 (quarry); Upper 
Arenig-Liandeilo 
Ansel/a nemdensis (Ethington and Schumacher) 
Cahahagnathus friendwil/ensis Bergstrom 
Cordylodus? horridus Barnes and Poplawski 
Drepanoistodus cf D. ht:llhumensis Stouge 
Periodon aculeatus lladding 
Protoprioniodus sp. 
Protopanderodus costatus n. sp. 
Protopm;derodus cutwellensis n. sp. 
Ptiloncodon simplex Harris 
Spinodus cf S. spinatus (Hadding) 
A- ii 
Cl-13-24a: Llanvirn- E. suecicus Zone., northern bed of the limcstnne breccia, in Lushes 
Bight, near point Cl- I 3-24d. 
Ansel/a sinuosus Stouge 
Baltoniodus? prevariabilis medius (Dzik) 
?Coleodus sp. Barnes and Poplawski 
/)repanoistodus tahlepointensis Stouge 
/'.? tahlepointensis Stouge 
Periodon aculeatus Hadding 
l'o/onodus? clivosus (Viira) 
l'rotoprioniodus tah/epoilllensis (Stouge) 
CL-13-24d: limestone clasts in reworked mafic, plagioclase-phyric tuff; Llanvirn 
l~oplac:ognathus suecicus Bergstrom 
Periodon aculeatus fladding 
/'rotopanderodus spp. 
Protoprioniodus cf P.simplissimus (McTavish) 
A- iii 
CL-l3-24g: lens of crinoid-rich bioclastic limestone, east of Lushes Bight; Upper Llanvirn 
Am·el/a nevademis (Ethington and Schumacher) 
Periodon aculeatus Hadding 
Protopanderodus cos/a/us n. sp. 
Protopanderodus cf P.giganteus (Sweet and Bergstrom) 
Protoprioniodus tah/epointensis (Stouge) 
l'olmJ,Jdus sp. 
CL-IJ-25: road cut on the ferry road, just south of Lushes Bight, limestone breccia 
overlying cherty shale and graptolite shale. Middle Arenig-Llanvirn 
Ansell a jemtlandica (Lofgren) 
?Coleodus sp. Barnes and Poplawski 
Cord;·lcKlus? horridus Barnes and Poplawski 
JucmO}:Ilathus serpag/ii Stouge 
Fahraeusodus marathonensis (Bradshaw)- Arenig 
Parapanderodus arcuatus Stouge 
Polcmodus? c/ivo~lls (Viira) 
Protopandc:rodu.<t cf P. varicostatus (Sweet and Bergstrom) 
Protoprioniodus simplissimus McTavish - Arenig 
Ptiloncodus simplex Harris 
Spinodus cf S. spinatus (Hadding) 
Sample Locations: 
Cl-13-04 5497075N 594950£ 
Cl-13-09g 5495975N 591975£ 
Cl-13-19 5494600N 594125£ 
Cl-13-22{a,b) 5494175N 593255£ 
Cl-13-24 5494350N 593175£ 
Cl- l3-24a 5494200N 592675£ 
Cl-13-24d 5494025N 592600£ 
CI-13-24g 5493725N 593100£ 
Cl-13-25 5493400N 592800£ 
A -iv 
Long Island 
I 
MilJcboy Caw 
Figure A-i. Location of faunal occurrences. 
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APPENDIX B- Geochronology 
Table I - Argon Data 
I TEMP 36AR 3 7 AR 38AR 39AR 40AR % Atmos APPARENT AliE 39AR I 
I (°C) (xI 0-9 cc STP) 40Ar +/- 2s (%)1 
88-PJG (202) (78.73 mg)(wt.% K20 = 0.081) AGE (total)= 477.2 +/- 71·\ Ma 
700 .124 3.729 .111 .131 42.17 87.0 460 9 411 .4 5.1 
800 .061 3.136 .044 .067 22.05 82.2 614.9 11111.4 2.6 
1000 .061 44.829 2.0~6 .808 52.15 34.4 463.0 5.2 31 .6 
1030 .010 21.123 1.103 .258 14.06 20.9 470.3 9.0 101 
1060 .004 8.193 .342 .115 6.24 20.0 473 .2 12.2 4.5 
1100 .004 5.839 .222 .091 5.12 20.4 486.7 20.3 3.6 
1175 .007 11.051 .434 .157 8.97 22.0 483 .8 111.0 6.1 
1300 .019 37.476 1.342 .596 32.27 17.0 4117.11 6 .11 n .J 
1550 .030 31.089 .926 .336 23.54 38.3 4717 II. II 13.1 
.32 6.61 166.47 2.56 206.6 45.1 477.2 7.1 
4 .1 2114.39 83 .96 32.49 2623.7 
88-LR-CL T (203) (90.4 mg)(,a,t.% KlO = 0.058) AGE (total)= 495 +I- 12 Ma 
700 .043 4.021 .080 .029 14.29 88.0 626.4 666.3 1.4 
800 .014 2.896 .023 .016 5.02 83.4 556.3 363.9 .M 
1000 .033 36.897 .959 .421 28.14 35.1 479.6 1.7 19.8 
1060 .013 49.278 1.445 .561 29.56 13.4 500.6 6.3 2tl.4 
1080 .004 9.211 .259 .113 5.92 17.9 474 .0 23.1 53 
1100 .013 4.882 .136 .062 6.51 60.1 464.2 55 9 29 
1175 .004 12.243 .340 .156 7.78 13.4 476.2 19 I 7.4 
1300 .005 33.788 .987 .392 20.32 1.1 521 .1 54 Ill 5 
1550 .009 31.857 .929 .371 19.00 14.6 4K2.2 226 17.5 
.14 5.16 185.07 2.12 136.5 30.0 4lJ5 0 11 .7 
1.5 2047.26 57.06 23 .47 1510.2 
B- ii 
85-AC-80-0223 (207) (92 32 mg)(wt.% K20 = 0.161) AGE (total)= 502 +/-7.6 Ma 
700 .041 .4CJ1 . 140 .024 22.82 53.0 2541.8 405.2 .4 
800 015 .391 .037 .013 7.91 56.9 1918.4 912.0 .2 
!000 013 14.726 1.906 .436 25.67 15.1 540.9 8.2 7.2 
1060 .016 74.767 10.480 2.503 113 .94 4.2 480.5 1.0 41.3 
I I 00 . 005 19.515 2.558 .592 26.65 5.8 469.1 4.0 9.8 
1175 .007 18 076 2.561 .623 28.59 7.7 468.1 12.3 10.3 
1300 .007 43.720 6.017 1.449 65.01 3.1 479.3 1.3 23.9 
1550 .005 14.734 1.704 .416 19.47 7.3 478.1 13.2 6.9 
fotal . II 25.40 186.43 6.06 310.1 10.5 502.0 7.6 
(CC/g) u 2019.36 275.16 65.60 3358.5 
RAL-88-1 (20::) (87.82 mg)(wt.% K20 = 0.840) AGE (total)= 475 +/- 2.6 Ma 
800 .110 2.379 . 121 .158 38.13 84.9 409.4 79.2 .5 
1000 .026 10.30 .109 .303 20.13 38.4 453.9 6.5 1.0 
1080 .015 22.928 1.267 3.710 164.90 2.6 477.4 1.2 12.3 
I 100 .012 28 .500 1.647 4.949 215 .61 1.6 473 .3 .6 16.5 
1110 .010 29.545 1.676 5.150 224.28 1.3 414.5 .5 17.1 
1120 .005 23.620 1.309 4.108 178.56 .9 475.5 1.1 13.7 
1140 .004 21 .632 1.155 3.629 158.01 .8 476.6 1.4 12.1 
1210 .011 24.237 1.289 3.814 167.81 1.9 476.3 1.2 12.7 
1300 .007 12.107 .645 1.916 85.09 2.6 477.3 .6 6.4 
1550 .018 14.380 .778 2.310 105.10 5. I 476.3 .6 7.7 
rota I .22 10.00 189.63 30.05 1357.6 4.7 475.1 2.6 
(CC/g) 2.5 21 59.27 113.89 342.17 15459.1 
88-CL 16-2b (21 0) (79.33 mg)(wt.% K20 = 0.215) AGE (total)= 507 +/- 3.5 Ma 
700 .084 2.592 .175 .154 35.82 69.6 728.1 51.8 2.2 
800 .048 1.478 .102 .117 22.17 63 .7 712.0 36.7 1.7 
1000 .042 6.731 .212 .588 39.66 31.4 506.6 6.8 8.4 
HHO .002 2.747 .101 .135 7.01 9.5 512.9 52.2 1.9 
1060 .003 3.800 .122 .166 8.25 12.0 483.2 10.6 2.4 
1080 .002 5.107 .131 .211 10.32 5.7 506.2 10.4 3.0 
1100 .004 5.329 .132 .2. t 5 10.92 11 .8 492.9 14.2 3.1 
1130 .035 45 .512 1.075 1.813 92.58 11.2 497.8 2.0 26.0 
1175 .011 20.845 .479 .827 39.61 8.5 483.4 4.3 11.9 
1300 .042 60.349 1.524 2.417 122.79 10.2 500.4 2.2 34.7 
1550 .016 8.198 .205 .324 19.30 24.3 495.4 14.6 4.7 
rota1 .2'1 4.32 162.69 6.97 408.4 21.0 506.9 3.5 
CC/g) J .7 2050.80 54.45 87.81 5148. 
B- iii 
88-LR-INT (211) (73.6 mg)(wt.% K20 = 0.059) AGE (total)= 535 +!- 23 l\la 
700 .094 1.431 .074 .031 29.51 93.7 (l28.5 1133.1 I It 
800 .025 .747 .020 .022 9.33 78 2 895.1 493 .7 u 
1000 .045 22.261 .569 .268 27.97 47.8 578.9 17.6 15 .3 
1030 .012 22.933 .771 .274 16.78 21.3 521.9 10.0 15 .6 
1060 .004 13.721 .483 .147 8.39 14.2 528.1 23 .6 Il-l 
1100 .005 11.140 .432 .121 7 .44 20.4 528.9 15.3 (lQ 
1175 .005 10.616 .372 .127 7.21 18.6 503.4 IQ.IJ 7.2 
1300 .008 22.408 .815 .251 14.37 15.9 4i20.3 18.4 14.-1 
1550 .022 45.371 1.654 .510 30.78 21.3 515 .0 8 3 29.1 
.22 5.19 150.63 1.75 151.8 42.7 535.3 23.2 
3.0 2046.57 70.51 23 .78 2062.3 
RAL-88-2 (55 .57 mg)(\\1.% K20 = 0.98) AGE (total)= 473 +/- 2.2 Ma I 
700 .011 1.039 .057 .077 4.70 69.4 :.77.2 52 .2 .2 
800 .004 .41 .024 .041 2.74 47.0 657. 1 Q7.9 .I 
900 .007 .530 .019 .072 2.91 68.9 262.1 113 Q .2 
950 .002 .335 .006 .047 2.55 46.7 360.7 1715 .I 
1000 .002 .848 .017 .061 2.30 28 .8 525.6 710 .2 
1020 .003 1.381 .050 .196 5.44 14.0 469.7 15 .0 .5 
1030 .002 2.394 .107 .407 10.9 4.9 4%.S !0.0 1.0 
1040 .000 2.094 .096 .360 9.24 1.1 4Wi.2 8 .8 .9 
1050 .001 1.792 .084 .337 8.60 3.9 4!11.9 12 6 Q 
1060 .000 2.004 .093 .364 9.06 0 .0 488.7 15 . 1 .IJ 
1070 .003 2.249 .099 .396 10.40 9. 1 471 .3 6.6 10 
1080 .Olll 3.068 . 135 .550 13.49 2.4 471.9 5.5 1.4 
1090 .002 4.390 .189 .796 19.44 3.3 4fl6.5 4.3 2.0 
1100 .00 1 8.945 .386 1.616 39.46 10 476.2 97 4.1 
1110 .002 11.774 .499 2.128 5163 1.2 472.4 I 4 5.4 
1120 .005 21.010 .864 3.816 92.98 1.7 472.1 1.3 9.7 
1130 .003 22.529 .903 4 .091 91J.01 1.0 472.4 J() 1114 
1140 .005 30.156 1.186 5.492 132.7 1.1 47Ul .8 DIJ 
1150 .004 26.817 I 038 4 .899 118.1 1.1 470 5 .8 12.4 
1160 .000 12.480 .479 2.281 55 .14 . I 475.8 3.8 511 
1170 .002 6.730 .274 1.225 29.86 2.5 468.9 65 3 I 
1210 .005 19.121 .786 3.460 84.39 1.7 472.5 1.0 lUI 
1250 .004 13.420 .567 2.439 59.28 1.8 470.7 1.4 6.2 
1300 .002 7.145 .287 1.299 31 .99 1.5 477.2 46 33 
1350 .002 7.244 .295 1.313 32.29 2. 1 474.4 l.li 3.3 
1450 .014 7.718 .316 I 394 37.52 11 .2 471.4 3.0 3.5 
1550 .022 1.200 .050 .223 12.50 52.8 515 .7 I!UC .fl 
.1 8.90 218.83 39.38 977.7 3.4 472.7 2.2 
2.0 3~J7. 90 160.24 708.68 17593.2 
B- iv 
HAL-88-J (51 'J'J mg)(v.t % K20;;: 0 76) AGE (total);;: 473 +/- 2 .4 Ma 
700 02'-J 3 837 .131 .150 9.72 89.3 149.1 103.3 .5 
I!()O 014 2 734 .06(} .067 4.69 89.7 155 .5 115.9 .2 
(J()() 006 2 895 .030 .047 2.25 82 0 131.9 80.5 .2 
Jl)(){) 004 341i4 .065 .123 4 06 27.6 468 .2 45 .2 .4 
1020 .002 I 863 .055 .105 3.25 188 489.5 40.9 .4 
1040 003 2.63Y .132 .286 8.43 11.5 505 .2 14.4 1.0 
I OMl 004 5 531) .309 .667 17.54 6.9 478 .3 11.9 2.3 
I OliO 002 ., 76!! .4511 .982 24 .54 3.0 474.2 2.7 3.4 
100 001 176M I 092 2.502 61.41 .5 471.4 5.3 8.8 
110 001 10.699 681 1.702 41 .70 .6 476.0 8.2 6.0 
120 .002 12 .74!! .!!25 2.117 52.29 IJ 476.6 2.6 7.4 
IJ() 001 13 .312 .l!51l 2.264 55.19 .6 473.9 2.9 7.9 
140 002 16.065 1.013 2.731 66.35 1.0 470.9 2.0 9.6 
150 000 14 275 l!lJ6 2.423 58.93 .2 474.8 2.9 8.5 
160 ()()() X .960 .559 1.475 36.03 .4 475 .6 2.2 5.2 
170 (J()J 5.453 .3-lO .859 21.04 1.1 473 .7 3.6 3.0 
llJO 001 X.561! .53M 1.340 32.9 1.1 475.8 11.1 4.7 
210 001 IJ .2.:'i6 .5!!7 1.462 36.29 .5 481.8 3.6 5.1 
250 003 15 .464 .CJ98 2.536 62.08 1.5 472. 1 1.4 8.9 
JOO .003 15 263 .Y71 2.427 59.54 1.5 472 .7 1.6 8.5 
350 001 7 207 .451 1.154 28.41 .5 478. 1 3.4 4.1 
1450 .001 5.245 .334 .865 20.92 1.3 468.1 8.0 3.0 
1550 .002 1.207 074 .207 5.88 8.2 505.4 24.0 .7 
l"ot<tl .OIJ 11.46 11)2.13 28.49 713.5 .6 472.6 2.4 
({'(/g) 1.6 3o115 .43 220.5 548.03 13723.8 
89-ASWB- 112721(,,1% K20 = 0 .388) AGE (total) ;;: 475 +/- 5 Ma 
700 .OX7 2.325 .122 .556 48.7 505 .9 7.4 3.8 
1<00 042 1133 lOll .752 25.3 501.4 2.3 9.0 
400 014 1.495 .039 1.294 6.5 470.1 2.2 17.9 
1000 015 IO.XIJ .191 1.427 6.8 437.9 4.0 27.7 
10-tO 010 9.76 . 2~2 .671 8.95 451.6 3.6 32.3 
IOl!O 013 23 14 .517 1.471 5.4 468.6 1.1 42.4 
101<0 003 077 003 .005 93.98 468.6 2272 42.5 
II 00 006 l -UI .257 .907 4.05 415.0 2.5 48.7 
II ~0 006 IX 14 .2Y8 1.168 3.14 472.2 1.6 56.7 
1140 004 l! X.:'i .190 .554 4.63 474.5 2.3 60.5 
II 60 008 16.81 .365 1.054 4.46 482.2 2.0 67.8 
JJlj(} 01 2 19.2 1 .418 1.23 5.83 479.8 1.5 76.2 
1~40 005 0.115 .150 .440 6.66 482.2 4.5 79.3 
1300 016 22.83 41)9 1.481 6.53 483.3 1.4 89.4 
1550 029 23 73 .509 1.537 10.71 485.1 1.4 100.0 
rout .1.7 179.35 3.91 14.55 474.9 4.5 
CC'/g) 2.76 11<53 40.35 150.36 
B-v 
89-ASWB-2 (274) (\\1% K20 = 0 395) AGE (total)= 497 +/- 6 Ma 
700 .083 2 .578 220 .215 58.59 77U nx I .S 
800 .070 1.629 .227 .477 4 1.9-' 611.3 II! 47 
900 .020 2 .23-1 .065 1.127 10.08 491.9 1.~ 124 
1000 .025 18.677 .359 1.399 10.-19 467.7 ~0 21'> 
10-10 .006 9 .338 262 .649 5.5-1 4113 .7 J() !t;.l 
1080 .Oil 22 .731 .601 1.730 3.88 4114 .6 12 3M I 
1100 .007 16.706 .375 1.324 3.20 484.8 I 7 47 I 
1120 .001 7.413 . 166 .553 1.6-1 411!12 4 7 .so '> 
1140 .004 6.295 . 158 .434 5.04 41l0.7 4.7 53 .9 
1140 .048 .089 .001 .007 97.56 533.6 7500 .S3 \) 
1160 .005 5.216 .131 .374 7.53 4YH 5.S ~6 ~ 
1190 .002 3.609 .095 .268 4.22 41)0 5 116 .SIU 
12-10 .003 5.592 .158 .423 4.57 4!\9.6 57 61 2 
1300 .023 37. ) 84 1.028 2.865 4 78 4Y2.5 .1 I(() 7 
1550 .048 36.775 .986 2.837 9.61 493.6 23 100 
fota1 .36 176.07 4.83 14.68 496.6 57 
(CC/g) 3.72 1838 .6 50.46 153.34 
88-LR-INT (271) (wt.% K20 = 0.058) AGE (total)= 512 +/- 5 Ma 
800 .060 4.552 .139 .081 76.35 675.3 75.6 3.0 
1020 .044 84.859 2.632 .978 21.33 506.0 2.1 311.6 
1100 .015 42.591 1.596 .445 17.22 504.9 l.h 54.9 
1300 .027 68.255 2.440 .773 17.24 507.4 2.4 83.0 
1550 .035 39.843 1.437 .465 31.45 506.1 4.1 I 00.0 
tfota1 .18 240. 1 8.24 2.74 511.5 5.2 
(CC/g) 1.50 1980.7 68.01 22.62 
88-CL-16-lb (273) (Y.1 % K20 = 0 207) AGE (tota l) = 504 +/- 5 Ma 
700 .047 2.547 .214 .132 51.05 931.6 27.!1 1.8 
1000 .038 9.224 .412 .644 24.92 543.5 !I() 10.4 
1100 .037 100.6 2.582 3.904 5.62 495.!1 Oh 62.7 
1115 .005 15 .45 .326 .623 4.98 477.4 2.1 71.7 
1130 .002 3.239 .080 .126 8.75 469.1 14.4 72.!1 
1175 .004 9 ~ 18 .229 .353 6.41 4!1!\ .1 5.6 11.5 
1225 .003 10.91 .256 .426 4.40 4!\2 4 4.4 83.2 
1275 .004 ~ 18 .215 .359 6.07 477.9 64 !Ill . 0 
1350 .004 11.52 .273 .448 4.96 4114.7 5.1 94.0 
1550 .052 11 .35 .273 .445 41.77 501.3 7.h 100 0 
Total .20 183.23 4.86 7.46 504.4 4.6 
(CC/g) 2.10 1969.6 52.24 80.20 
B-vi 
Western Head Fm. Nickey's Nose Tuff (wt% K20 = 0.200) AGE (total) = 447 +I· S Ma 
MOO .059 4.018 .198 1.442 23.67 436.0 2.5 24.2 
1020 .043 37.557 .730 2.163 12.87 443.5 1.8 60.6 
1100 .012 36.107 .624 .949 8.81 451..2 6.5 16.5 
1300 .025 57.396 I . lOS 1.267 12.41 462.2 2.7 97.8 
1550 .068 8.654 .I I I .133 79.36 443.7 66.1 100.0 
fotal .21 143.53 2.77 5.95 446.9 4.5 
CC/g) 2.M6 1976.8 38. 11 81 .99 
Western Head Fm. (WA-44) (tuff) (wt.% K20 = 0.299) AGE (total)= 453 +I· 4 Ma 
700 .023 2.721 . 127 .266 39.63 444.1 31.9 2.5 
MOO .024 1.7!!6 .015 .293 36.81 458.9 25.4 5.2 
900 .008 7.115 .430 .763 7.71 418.9 4.9 12.3 
1000 .014 54.20 3.837 2.542 3.88 441.8 2.0 36.0 
1050 .015 15.3 I 1.055 .886 10.77 452.6 6.2 44.2 
1100 .008 26.02 1.277 1.648 3.19 458.2 2.2 59.6 
1300 .023 71!.02 4 .160 4.214 3.66 464.6 1.0 98.8 
1550 .092 1.909 .124 .127 83 .66 464.2 106 100.0 
fotal .21 11!7.07 11 .09 10.74 453.3 4.4 
CC/g) 2.34 2134.3 126.47 122.52 
(WA-45) DOLLAND IIEAD DIORITE (wt.% K20 = 0.159) AGE (total) = 481 +/- 7 Ma 
800 .046 4.753 .148 .096 75.31 512.6 165.7 2.2 
900 .004 2.759 .132 .080 24.66 497.6 22.3 4.0 
1000 .010 25.343 2.9.51 .866 7.22 481 .7 2.3 23 .6 
1100 .014 60.135 9.337 2.269 4 .17 477.4 4.3 75 .1 
1150 .004 15.341 1.983 .508 5.26 472.3 5.8 86.7 
1200 .002 8.287 .820 .215 6.93 474.7 21.0 91.5 
1300 .005 15.1!97 .983 .256 12.79 474.0 12.6 97.4 
1550 .097 6.816 .431 .117 82.34 568.0 119.1 100.0 
fotal .18 137.33 16.78 4.41 480.9 7.1 
(CC/g) 2.71 2028.81 247.96 65.10 
TABLE 2- U/Pb DATA 
Brighton Intrusive Complex 
Wt. (lftl) U CppmU'b• Cppml 106Pb/1041, ., (Pill lONI'b ... , 106Ph/1.JHU 
t"rtcliw_ 
!._ ___ ··---~ ··- ··· .: 
1irrolf 
Br 7-1• 0 .019 14::! 12 18:'6 
Br 7-2• 0 o:!l So:! 43 2~81 
Br 7-J O.OSJ Sl4 43 17419 
... 0 .017 265 z~ U::!6 
AA 0009 JU 28 1~12 
luattiu 
IT 0 .117 47 7 110 
2T 0. 1~4 ~0 8 M 
JT 0 24S bl II 4'i 
4T OOSI ~ 9 44 
Catchers Pond Tuff 90-1-CTP 
1Jrrott 
A 0 o:!J :'1>7 21 J:!S 
B 0 042 211 :!2 248S 
c O.o:!l 2S9 20 1111.) 
D OOIS :.!42 19 an 
Cokhester-Coopers Cove Plutonics 90-2-C 
1Jrrott 
A 0001 1416 116 5~~ 17 
8 0006 b~ -' ~· 4~9 44 c 0001 70~ S7 l~r-.l 21 
D 0016 6:'0 ~ 34.\8 2:! 
Err..-.,• art I eiJ ~"'~.,(mean m 'I u;trl ~07~06 •fl.t trrore ,.h,,h art~ oiJ 
• "' ReJh'jiCitt.: "' 
a - t~lu .. k .,..,.....1"1~ ""C'tl!ht c-rrt"f" -., ( • / . 0 001 mt! tn ---.,,.,,:~tntfal ... n un.:~tr latn1) 
..:- a h.'>tal .;'""'"":"' Ph an anal,.-... 
-··-·-·-- --
7 17 s 0 .07t>7.\ +1- .09~ 
20 18 .7 0 .07574 +/- .09-.; 
70 22 . 1 0 .07077 +1- .09'1 
16 ss 9 007694 -+I- .42"4 
II S6.8 007b40 +1- .23'1 
214 ss 9 0 07633 T:- .SI'I 
797 Sb.ll 0 .07461 +1- 1.3"4 
26116 ~9 4 0 .07722 t/- 2 J'5 
S31 'i'i . l 0 .07118 +I- 2 .1'1. 
96 11 .7 0 .07b80 +1- IS-. 
2J 10.5 0 .071>32 +/- . IJ~ 
IS 10 7 0 07626 +/- 09"4 
21 116 0 .07024 +1- .10'1 
176 0 07447 -+I- 11'1 
18 4 0 073S7 + 1- 14'l 
lb 2 0 07436 +I- 10, 
IS .II 0 07420 + 1- 09 ... 
trr••n '"Me 
APIJirtlll Ale (Mal 
1071'b12l5U 101Pbll06Pb 20612ll 1071206 
·------- · - --- --- - -
0 .5978 +1- .I S'I OOS6SI +1- . II 'I 4766 472 J +I 4 I 
0 .5923 +i- . 12'1 O.OS672 +I- .07'1 4706 41106+/ J 2 
0 SS09 H - . II 'I 0 056416 .. , _ .06'1 """61 470.3 .,. 24 
0 604S + 1- .40'1 0 <K69II + 1- .JS'I 4771 490 7 -+I IS 6 
O.S971 +/- ::!7'1 00~+1- ll'l 474 6 479 2 -+I ~ 9 
0 6012 + 1- l .l'l 0 0'1711 .. , _ .72'1 474 2 496 2 +I J2 
0 S968 -t/- 1.3'1 i)OSSOI+I- 12'1 46} 9 S10J +1 :\0 
O.CI224 +/- 2 2'1 00~846 t/- I 9'1 47<1 s S46 9 tl Ill 
ObOH +1- 2 .7"4 O.OS706 +I 2 .4'1 4711 J 4114 0 +I- ICK 
Obo:!l + 1- 49'1 0 OS6116 + 1- 40'1 4710 4116 I +I 17 7 
OS964 + /- 19'1 0 OS66II +I- 14'1 474 I 479 0 +I 62 
0 S960 -t/- . 16'1 OOS66S +/- 12'1 47l I 479 I + / - 5} 
O.S9Sl +1- .lO'I 0 OS66l +/- 2.5'1 47}6 4772 +/-Ill 
0 S7119 +I- .40'1 () 0~31 + 1- .J4'1 46} 0 467 S +I IS I 
0 S71S + I· 4)'5 OOSbJS -+1 - J6'1 4 'i7 6 466 0 •I- 160 
O S770 +1- 21'1. OOS621 +I .16' 46:' 4 46J J ., 7 I 
0 S7~ + I- . 12 ... 0 OS6J4 +I 06'1 461 4 46S I +/ - 2 I 
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APPENDIX C- ANALYTICAL TECHNIQUES 
PART I- Geochemistry 
Alli!.lytical Techniques 
tv'ajor Elements 
c -i 
Analyses were performed at Memorial University of Newfoundland or at the 
Department of Mines and Ener1,ry, Newfoundland. Majors were determined by atomic 
absorption spectrometry. Details of the techniques can be found in Wagenbauer et 11. 
( 1983) and Langmyhyr and Paus ( 1968). Precision and accuracy for these techniques is 
the same as that reported in Swinden ( 1988), Rautenschlein ( 1987) and Kean et al. 
( 1994). 
Trace Elements 
A standard suite of trace elements (Cr, Ni, V, Sc, Rb, Sr, Y, Nb, Zr, Ba) were 
determined at Memorial University of Newfoundland using X-ray fluorescence (XRF) 
techniques. Details of the accuracy and precision of these methods is given in Swinden 
( 1988). The only elcmer.t of real concern in this suite is that of Nb. Nb was determined 
using the so-called "REPEAT" XRF method (along with Sr, Rb, Y and Zr), as described 
in Swinden (1988) and as discussed fully in Kean et al. ( 1994). Some data was also 
collected on the new ARL Y.Jtf at Memorial University using the techniques described 
by Longerich ( 1992, 1994 ) . Since there is no fundamental differences in the standard 
values or detection limits between the "REPEAT" method and the new MUN ARL 
methods, data from the two techniques are not distinguished. 
Rare Earth Elements 
Rare earth elements (REE) were determined by inductively coupled plasma - mass 
spectrometry (ICP-MS) using the acid dissolution techniqu.-. described in Jenner et al. 
( 1990) and Longerich et al. ( 1990). Precision and accuracy for these elements are as 
reported in those papers, and the more recent paper of Jochum and Jenner (1994) . 
. ICP-MS and XRF - which one for which elements 
The routine ICP-MS acid- dissolution package also produces data for a number of 
trace clements routinely analysed for by XRF, i.e. Rb, Sr, Y, Zr, Nb, Ba (sometimes V 
c- ii 
and Sc). In general, it is our policy to cross-check the XRF and ICP-MS results to verify 
complete sample dissolution and/or solution stability in the ICP-MS analyses Failure to 
match data sets results in re-analysis of the sample (usually by both techniques) In 
reporting the data (Appendix D), we have taken XRF data for all trace clements, 
excluding Th, Nb and the REE. For Th, Nb and the REE, ICP-MS is the preferred 
technique. 
PART 2 - Geochronology 
Analytical Techniques 
40Arf19AI 
Analyses were performed at the Geochronology Laboratory of the Geological 
Survey of Canada. Amphibole (hornblende) mineral separates were obtained by standard 
magnetic anj heavy-liquid techniques followed by hand-picking to obtain ncar I 00% 
purity. Their K concentrations, determined from the 40ArP9 AI analyses, range from 0 .07 
to 0. 99%. Analytical data for the hornblcndes is given in Table I. Spectra for the results 
are illustrated in B- Figures ito xv. Figures are in the same order as the data in Table I, 
reflecting both sequence of analyses and ease of getting the Table organized . 
The homblendes were weighed (see table) and wrapped in aluminum foil packets 
for neutron irradiatiOn. The packets were loaded in an aluminum can, 40mm long by 19 
mm in diameter, along with 9-12 packets of the MMllb-1 hornblende 40 Ar;t'~ Ar flux 
monitor with an assumed age of 518.9 Ma (Roddick, 1983 ). Samples were irradiated in 
position 5C of the enriched uranium research reactor at McMaster University, Hamilton, 
Ontario on three separate occassions. For samples RAL-88-2 and RAL-88-3 irradiation 
was for 1.25 days (equivalent to an approximate fast neutron tlucnce of 1.1 • IO'K 
neutronsl/cm2) . All other samples were irradiated for 2 days. Flux variation over the 
irradiation can had a range of2.0% along the axis of the can, in both irradiations. This 
results in an uncertainty of J for individual samples of about 0 .3% (I sigma). The errors 
quoted on the integrated ages take account of this J uncertainty, though the individual 
step ages in the data table and spectra diagrams do not. Decay constants recommended 
by Steiger and Jager ( 1977) have been used. Complete procedures for the .,1 Ar/19 Ar 
analyses are detailed in Roddick (1990). 
c- iii 
!.1/Pb 
Zircon and titanite were concentrated from about 25 kg of each rock sample. 
I nvidiual zircon populations were separated initially on the basis of grain size and 
magnetic susceptibility and subsequently by crystal habit, clarity, and absence of 
inclusions and fractures (see below). Most zircon fractions were abraded to remove 
potentially altered outer parts of the grains (Krogh, 1982). The very fine grained zircons 
(fraction 3) in sample BR-2 were not abraded. 
Procedures for dissolution, separation and purification of Pb and U employing a 
20~Pbf11·21~U spike are detailed in Parrish et al. ( 1987). Total procedural blanks for Pb 
ranged from 5 to 25 pg for zircon analyses and about 50 pg for titanites. U blanks 
averaged I pg. Isotopic analyses were carried out on a Finnigan MAT 261 solid-source 
mass spectrometer equipped with multiple collectors, secondary electron multiplier, and 
operating software designed for simultaneous measurement of all five Pb isotopes 
(Parrish et at., 1987; Roddick et at., 1987). Error estimates ofU/Pb and 207Pbf06Pb, and 
correlation coefficients, are derived from numerical propagation of measured errors 
(Roddick, 1987). Assumed common Pb compositions were derived from a Pb isotopic 
evolution curve (Stacey and Kramers, 1975) at the 207Pbf06Pb age of each zircon 
fraction, except for the Brighton Intrusive Complex for which compositions were 
derived f.i·om the titanite analyses (B - Fig. xvi). Linear regressions of data on concordia 
diagrams utilize a York (1969) error treatment (modified as suggested by Parrish et al., 
I 987) with errors as indicated in Table 2 for the U-Pb ratios. Correlation coefficients 
between the U-Pb ratios were calculated to be 0 .6 to 0.95 (and >0.9 for titanite) using 
error propagation calculations. Uncertainties in ages are stated at the 2 sigma level. 
Constants used in U-Pb calculations are those recommended by Steiger and Jager 
( 1977). 
Comparison of U/Pb zircon and 40 ArP9 Ar hornblende ages 
It can be difficult/impossible to obtain U/Pb zircon ages on high field strength 
element depleted island arc volcanicslplutonics, and for this reason we choose, where 
applicable, to apply the 40 Ar/19 Ar technique. To facilitate comparison between U/Pb and 
¥lAr/l9Ar ages on "ophiolitic" samples we obtained a sample ofhomblende from a 
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pegmatitic trondjemite in the Annieopsquotch Complex. which had previously been 
dated by Dunning and Krogh (1985). The amphibole obtained is low inK (0. 14%) and 
yielded an age of 477+/- 3 (92% of the gas) (B- Fig. iii). This result is in excellent 
agreement with the published U/Pb age of 477.5 +2 .6/-2.0 (see their Figure 8, Dunning 
and Krogh. 1985). 
Brief Sample Discussion 
Brighton Intrusive Complex (Cl-BR-7) 
Five zircon fractions ( 4 abraded, 1 unabradcd) were analysed and the data are 
presented in Figure B- xvii. Regression using ailS fractions gives an age of 479.8 
+9.9/-6.2 Ma with a lower intercept of 115 Ma +/- 100 and an MSWD of 4.5. This 
result seems to be an overestimate of the error when consideration is given to the fact 
that 2 fractions overlap concordia and the 207Pbf06Pb ages of the ncar concordant 
fractions (AA & 2A) are 479-481 Ma. Our preferred age, 473.5 +/- 4.5 Ma. is based 
on rejecting the most discordant fraction (3), which was not abraded, and forcing the 
regression through the origin. 
Several titanite fractions were picked and the result of these analyses are illustrated 
in Figure B - xvi. The titanites yielded a n•u- 206Pb isochron age of 474.3 -+ 1- 6.4, and 
(not illustrated) a 235U- :mpb age of471 +/- 12 Ma. Note that the error on titanite 
fraction 3T is too small to be represented by an error ellipse on Figure B - xvi. 
Three hornblende fractions from two separate localities from within the Brighton 
Intrusive Complex were used to determine 40 ArP9 Ar ages and these are presented in 
Figures B- iv, vii, viii. Sample RAL-88-1 yielded a total fusion age of 475 t/- 3 Ma and 
a preferred age of 475+/- 3 Ma based on 87% of the gas. Sample RAL-88-2 yielded a 
total fusion age of 473 +/- 2 Ma and a preferred age of 472 t/- 3 Ma oased on 87% of 
the gas. A third hornblende sample- RAL-88-3, from a separate locality, yielded a total 
fusion age of 473 +/- 3 Ma and a preferred age of 475 +/- 3 Ma based on 94% of the 
gas. 
There is excellent agreement between the titanite and hornblende ages which 
indicates an age for the BIC of about 475 Ma. It is possible that the zircons indicate a 
~lightly older age, but the quality of the data in not ideal. Taking into account all 3 
C-v 
systems, it seems reasonable to constrain the origin ofthe BIC to between 475 and 480 
Ma 
Catch~~.Qnd_l~,~ff (CP-28-15. Skeleton Pond Formation) 
Three zircon fractions (A, B, D) and a duplicate zircon fraction (C=B), all abraded, 
were analysed. The data are illustrated in Figure B - xviii as open ellipses. These data 
yield an age of 479 2 +/- 3.6 Ma, based on a York regression through the origin. No 
solution was found when we applied the regression method of Davis (1982). There was 
no evidence of inheritance in any ofthe analysed fractions, and we interpret the data to 
give the primary igneous age. 
Colchester- Coopers Cove Plutonics (90-2CC. Coopers Cove. Pluton) 
Three abraded zircon fractions (A, B, C) and a duplicate zircon fraction (D=C) 
were analysed. The data are illustrated in Figure B - xviii as hatched ellipses The data 
yield an age of 465.6 +/- 2.5 Ma, based on a York regression through the origin. No 
solution was found when we arplied the regression method of Davis (1982), because of 
their close proximity on the concordia diagram. We interpret this age to be the primary 
igneous age of the intrusion. There was some evidence of inheritance and overgrowths 
in this sample, but care was taken not to include any of these materials in the analysed 
fractions. 
Halls Bay Head Dyke (CL-16-02b) 
The first hornblende separate from sample 88-CL l6-2b (Fig. B- v) yielded a total 
fusion age of 507 +f •. 4 Ma and an age of 498 +/- 3 Ma based on 98% of the gas. The 
preferred age is 499 +/- 3 Ma based on 72% of the gas (i.e. the fraction between 
-18-50% and -60-1 00% ). This sample was redone at a later datt.: and the results are 
illustrated in Figure B- xii. The preferred age is 496 +/- 3 Ma based on 55% of the gas. 
League Rock Gabbro (CL-LR-1 a) 
Sample 88-LR-INT yielded a K-poor hornblende (0.05%), which resulted in a 
rather noisy spectrum (Fig. B- vi). The total fusion age is 535 +/- 23 Ma, while the 
preferred age is 519 +/- 7 Ma based on 82% of the gas. Since this result was somewhat 
unsatisfactory, we repeated the analysis of this sample and obtained the result illustrated 
C- vi 
in Figure B- xi. We have signifi~antly improved on the result and our prd~:rred age is 
506 +/- 5 Ma. 
Pilleys Cove Gabbro (CL-06-05) 
Sample 88-PIG yielded a K-poor hornblende (0.07%) and a complex spcctmm (Fig 
B - i). The simplist interpretation of the spectrum would yield an age of 4 74 + 1- 4 Ma 
with 92% of the gas. This age would coincide with that of the BIC, however neither the 
chemistry nor mineralogy of the Pilleys Cove Gabbro suggest any relationship tn the 
BIC. Within the spectrum for 88-PIG there is some indication of two plateaus (I) from 
approximately 8 to 54% (Fig. B- i) yielding an age of 466+/- 5 Ma; and (2) from SS "' 
I 00%, yielding an age of 483 +/- 6 Ma. Both of these ages are reasonable in the context 
of the regional geology, with the youngest age consistent with a collisional event (i e 
resetting) and the older age representing a minimum age of intrusion. 
Whalesback Dyke (WB-1 and WB-2) 
Two samples from the vicinity of the Whalcsback Mine were taken, these arc 
89-ASWB-1 (Fig. B- ix) and 89-ASWB-2 (Fig. B- x). WB-1 cuts the shear zone (I> I). 
but is modified (boudinaged) by subsequent deformational events. WB-2 was taken 
south of the shear zone, where it cuts apparently undeformed pillow lavas We interpret 
the original age of intrusion ofthese dykes to be represented by our preferred age in 
WB-2, i.e. 493 +/- 5 Ma. This is consistent with the age of the dyke culling Big Hill 
Basalt at Halls Bay Head (CL-16-02b ). The spectra from WB-1 is quite so.: rewed up by 
later deformation events. 
Western Head Formation (WA-NN-1. WA-44) 
Two samples were taken for analysis, these are: W A-NN-I (from Nickey's Nose 
area); and W A-44 (from Western Arm). Spectra for these samples arc illustrated in 
Figures B - xiii and xiv, respectively. Both spectra are very disturbed, probably durin~ a 
Silurian reheating event. We interpret the oldest ages (from the 2nd last step) ( 465 
Ma), to represent the original age of formation of these tuffs This makes these samples 
essentially coeval with the Colchester - Coopers Cove Pluton. 
C- vii 
DollamJ _U~~~ Q.i_gri!<; _ (_w A-45) 
One sample was taken from the diorite intrusion at Dolland Head (see Fig. B - xv), 
a few hundred metres cast of W A-44 This sample yielded a simple spectra, with a 
preferred age of 480 +/- 6 Ma, based on 94% of the gas 
Ut>'iHiJJlion of fractions used in V!Pb analyses. 
Urighron lnlru~i .. ·t> Complrx. 
l.trCOII.\ 
I A - 1 I OS microns. abraded 0.5 hours 
- equant, cuhcdral, multifaceted, sharp terminations 
-light brown colour, nor cores or fractures 
- clear, small number of inclusions, no zoning 
AA - I 00 minons, abraded 4.5 hours 
- cuhcdral, equant, multifaceted 
- no cores, no zoning, minor fractures 
- pale, pinkish brown, clear, minor inclusions 
:!A - + I OS microns, abraded I hour 
- dominantly equant, occasionaly grains 3 : I 
- cracked and fractured, few inclusions 
- no cores. no zontng 
3 - 50 microns, no abrasion 
- equant, some grains with minor elongation (3 : I) 
-generally clear 
4 - 50-I 00 microns, same as I A 
7itamlt'.\' 
Clear to light yellow with minor inclusions. EuhedraJ to subhedral, sharp faceted. No 
abrasion IT - I 05 to I 25 microns; 2T 75 to 125 microns; 3T I 00 to 200 microns; 4T < 
105 microns 
Catchers Pond Tuff 
A - 64-105 microns, 
- sharp terminations, multifaceted, euhedral, prismatic 
- inclusions and bubbles present, 
- no cores or zoning present 
- clear to very pale yellow 
B and C - split fraction - -I 00 microns 
- broken tips only, well terminated 
- inclusion and crack free 
D - 64-105 microns 
- euhedral, prismatic (3 : I) longer than A but otherwise 
similar 
- some inclusions, bubbles and fractures 
Colchrstrr- Coopers Covt Pluton 
A- +74 microns, I hour abrasion 
- equant to subequant, multifaceted, zoned 
- no fractures, colourless 
B- +74 microns, 7 hours abrasion 
- elongated, lenght to width ratio 3 : I to 7: I 
- zoned, trace inclusions/bubbles 
- well faceted sharp terminations 
- no cores or overgrowths 
C and D- split fraction- +74 to 125 microns, I hour abrasion 
- zoned, more cloudy or inclusion-rich but 
otherwise the same as B. 
C- viii 
There was some evidence of cores and overgrowths in this sample, however these were 
not picked for chemistry. 
C- ix 
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APPENDIX 0 -Tables of Analytical Data 
The analytical data presented in the figures in this thesis is presented here in tables. 
Tt:e data has been recalculated volatile-free and totalled to 100%. Majer elements arc in 
weight percent oxide, with total iron as FeO (FeO•). Trace elements are in parts per 
million (ppm). 
To simplify presentation of the data. it has been divided into 7 groups: arc volcanil.:s; 
CL and CP (oddball samples); non-arc volcanics; transitional volcanics. arc intrusives; 
transitional & non-arc intrusives; and felsic rocks. In essence, this is a simplification of the 
scheme outlined in Figure 4.2 (page 4-53). 
Complete sets of~aw data will be available upon request from the author 
APPENDIX D ·TABLE 1 . ARC VOLCANICS 
S.mple CP-24-20 JLB-01 JLB-03 cl-92- 1 1 CL-01 -03 CL-SCI-1 CL-16-15• CP-05-08 JLB·10 JLB-SC1 CL-15-04 Si02 64 .05 60.55 59 .39 51 .22 52.99 55.98 53 .73 55.58 52.95 58.14 55.34 Ti02 0.30 0 .10 0 .15 0 .1 5 0 .30 0.50 0 .84 0 67 0 .83 0 .62 1.23 Al203 16.58 13.96 14.27 10.26 15.99 15 .46 15.46 14.44 14.61 14.45 14 .80 Feo• 6 .88 8 .23 8 .1 2 10 .00 8 .40 7 .90 9 .79 8 .03 10.72 8.54 11.39 MnO 0 .1 4 0 .15 0 .17 0. 19 0 .14 0. 13 0 .16 0 .14 0.18 0 .13 0. 16 MgO 6.67 6 .68 6.76 16.87 7 .00 6 .75 7 .06 8 .51 6.50 5 93 4 .83 c.o 0 .32 8 .05 8 .61 9.62 11.70 9 .02 8 .90 8 .00 11 .28 9 .79 4 .45 N•20 4.41 2 .25 2 .46 0 .90 2 .41 4 .04 3 .80 4 .29 2 .82 2 .36 4 .66 K20 0 .53 0 .02 0 .04 0 .:'9 0 .05 0 .18 0.23 0 .28 0 .05 0 .00 0 .04 P205 0.11 0 .01 0 .03 0.00 0 .03 0 .04 0 .04 0 .06 0 .06 0 .03 0 .10 
LOI 4 .9 4 .2 2 .0 3 .0 3 .5 2 .8 3 .3 1.9 7.5 4 .5 Mgl 63.4 59.1 59.7 75 .0 59.7 60.4 56.2 65 .4 51.9 55.3 43.0 
Cr 252 265 751 38 124 147 94 81 148 Ni 72 64 138 45 52 49 26 36 40 Sc 40 45 46 46 39 37 44 46 35 47 44 v 353 309 251 298 244 297 266 324 372 432 
Rb 12 3 4 12 2 3 1 a.. 40 41 32 79 37 3 14 Sr 44 136 119 154 47 56 70 108 79 57 52 Nb 0 .7 0 .9 1.3 0 .9 0 .4 0 .4 0 .6 0 .7 0 .6 0 .6 1 .2 Zr 28 22 24 16 16 17 39 37 41 32 67 y 3 4 4 4 12 12 23 17 22 22 29 Th 0.20 0.44 0.45 0 .35 0 .1 5 0 .14 0.13 0.10 0 .10 0 .16 0 .2 1 
Le 1.57 2.35 1.55 1.35 0.69 0 .81 1.09 1.14 1.28 1.38 2 .31 c. 4 .01 4 .90 3.67 2 .87 1.69 2.27 3.58 3.82 4 .14 3 .92 6.70 Pr 0 .54 0.54 0.41 0 .33 0.26 0.48 0.70 0.68 0 .72 0 .65 1.19 Nd 2 .56 2.03 1.61 1 .30 1.36 2 .50 4 .04 4.05 4 .15 3.58 6.46 Sm 0.67 0.42 0.38 0 .32 0.54 1.16 1.82 1.47 1.64 1.53 2.49 Eu 0 .18 0.13 0.13 0.14 0.28 0.53 0 .67 0 .68 0 .65 0.67 0.84 Gd 0.67 0 .31 0 .30 0 .42 0.97 1.91 2 .81 2 .16 2 .09 2 .16 3.34 Tb 0 .08 0.05 0.06 0 .08 0.20 0 .39 0 .55 0 .43 0 .41 0.42 0 .69 Oy 0 .62 0 .50 0.56 0 .59 1 .59 2 .84 3 .81 2 .90 3 .08 3.12 4 .68 Ho 0.13 0.1 ~ 0 .15 0.14 0 .39 0 .65 0 .87 0 .59 0.70 0.68 1.02 Er 0 .38 0.48 0.49 0 .46 1.25 2.04 2 .49 1.87 2.06 2.02 3 .09 Tm 0.06 0.08 0.09 0 .00 0 .19 0 .30 0 .35 0 .25 0 .30 0 .31 0 .45 Yb 0 .49 0.67 0 .69 0 .58 1.33 2 .06 2 .48 1 .77 1.96 1.91 2.84 
0 lu 0.09 0.11 0 .1 2 0 .09 0 .22 0.29 0 .34 0.24 0 .31 0 .31 0.38 
-· 
s...,ple CL-19-22 CL-19-23 WA-08 WA-15 WB-5 cl-92-14 CL-02-03 CL-03-05e CL-09-02 Cl-12-04 CP-24-10 Si02 56_63 53_57 54.10 53.25 56.11 47 .94 51 .06 55.06 64 .96 53.82 57.54 Ti02 1.20 1.08 1 .22 1.24 1.05 1 .20 1.62 1.43 1 .09 1.27 0 .86 Al203 16.76 14.88 16.00 'i5 .76 16.47 10.93 18.91 16.50 14.93 17.52 16.19 FeO• 9.75 10.62 11.01 11.41 10.84 13.92 11 .18 12.09 7 .71 12 .52 8 .37 MnO 0.12 0 .19 0 .15 0 .20 0 .16 0.25 0 .17 0 .22 0.15 0 .15 0 .1 5 MgO 4.60 5 .32 6 .02 6.71 5 .11 10.61 5 .98 3 .90 1 .81 6 .54 4 .72 c.o 4.94 9.68 5 .58 6 .37 4 .78 11 .58 5 .34 4 .08 2 .59 2 .95 5 .14 Ne20 4.70 4 .51 5 .21 4 .86 5.21 3 .08 5 .32 6.35 6 .51 5 .03 6 .87 K20 1.25 0 .06 0.55 0.14 0 .17 0 .41 0 .28 0 .29 0 .11 0 .07 0.03 P205 0.05 0 .09 0.17 0 .06 0 .10 0 .06 0 .14 0 .08 0.16 0 .1 3 0. 12 
LOI 4 .1 5 .5 2 .9 3 .8 3 .3 4 .7 2 .0 3 .1 4 .2 5 .8 Mg• 45 .7 47.2 49.4 51.2 45.6 57.6 48.8 36.5 29.5 48.2 50. 1 
Cr 16 176 153 
Ni 8 17 50 29 
Sc 41 38 38 37 37 41 46 37 38 48 35 v 472 400 358 427 359 351 314 354 57 436 273 
Rb 21 6 1 2 4 4 2 
Ba 42 10 20 58 
Sr 132 68 104 42 66 1 71 172 170 96 217 86 Nb 1.0 1 .1 1.3 0 .8 1.1 1.0 2 .3 3 .3 2 .2 2.6 1.8 Zr 62 60 55 86 71 80 69 75 9 1 50 y 21 30 26 29 25 28 23 26 30 26 18 Th 0 .26 0 .20 0 .27 0 .15 0 .2 2 0.31 0 .65 0 .73 0 .71 0.8 2 0 .42 
La 1.72 2.76 2.35 1.76 1 .79 2 .75 5. 20 5 .58 3 .72 5. 16 2 .54 c. 5 .71 7 .59 7.28 6 .08 6 .51 8 .59 12.99 15.46 9 .90 13.89 7 .32 
Pr 1.01 1.37 1.22 1 011 1.21 1.51 2.00 2 .31 1.57 2 .10 1.16 Nd 5.73 7.11 7.03 6 .80 6.94 8 .01 9 .59 11.49 7 .7S 9 .75 5 .67 Sm 2 .15 2.66 2 .50 2 .68 2 .76 2 .85 3 .03 3 .52 2 .71 3 .15 1.94 
Eu 0 .72 0 .86 1.06 0 .94 1.1 2 1.18 1.07 1 .47 0 .95 1.05 0 .77 
Gd 3 .04 3 .17 3 .57 3 75 3 .94 4 .05 3.48 4 .55 3 .26 3 .63 2 .68 
Tb 0 .53 0 .66 0 .67 0 .75 0 .73 0 .67 0 .63 0 .75 0 .65 0.71 0 .46 
Dy 3 .60 4 .4 9 4 .53 5 .24 5 .15 5 .19 4 .23 5 .09 4 66 4 .51 3 .14 
Ho 0 .76 0 .99 107 1.25 1.12 1.07 0 .89 1 .10 0 .99 1 .00 0 .66 Er 2 .25 3 .29 2 .93 3 .44 3 .36 3 .15 2 .77 3 03 3 30 2 90 1 93 
Tm 0 .33 0.50 0 .43 0 .49 0 .48 0 .00 0 .38 0 45 0.46 0 .40 0 28 Yb 2 .11 3 .19 2 69 3.17 3 .26 3 .18 2 49 2 8~ 3 .26 2 .72 1 .85 0 Lu 0 .3 1 0 .49 0 .40 0 .4 6 0 .44 0 .48 0 36 0 .39 0 .47 0 .41 0 .27 
-· 
S.mpla WA-13 WA-14 WA-19 WA-22 WA-23 WA-24 cl-01-07 wa-30 wa-nn-1 wa-44 CP-0303 Si02 55.77 54.36 49 .55 56.40 55.37 54.60 48 .38 52.28 49 .09 54.21 54.41 Ti02 1 .30 1 .1 7 1.60 1.05 1.09 1.24 0 .78 0 .6 2 0 .62 0 .55 1.28 Al203 15.51 16.86 15.99 16.21 16.11 15.51 12.86 15.48 13.22 15.38 16.00 F.O• 11.29 10.83 15 .94 10.05 10 .85 12.00 12.36 10.85 10.17 9 .02 12.11 MnO 0 .20 0 .18 0 .25 0 .20 0 .23 0 .23 0 .43 0 .20 0 .20 0 .14 0 .28 MgO 4 .72 5 .18 6 .04 4 .91 5 .01 4 .86 11 .79 9 .09 14 .52 8 .27 5 .53 c.o 5 .14 7.00 6.23 4 .46 5 .37 6 .02 10.36 7 .39 8 01 8 .26 7.32 Na20 5 .77 3 .80 4.23 6 .43 5 .64 5 .22 2.43 3 .59 3 .35 2 .94 2 .16 K20 0 .16 0 .45 0 .04 0.11 0 .17 0.12 0.55 0 .48 0 .79 1 .20 0 .74 P205 0 .16 0 .16 0 .14 0 .18 0 .16 0 .20 0 .06 0 .0 3 0 .03 0 .04 0 . 18 
LOI 1 .9 2 .6 2 .9 2 .0 2 .3 2.1 2 .0 Mgl 42.7 46.0 40.3 46.6 45.1 41 .9 63.0 59 .9 71 .8 62.0 44 .9 
Cr 303 84 518 124 Ni 37 25 171 27 s.: 40 38 47 36 37 39 44 25 43 35 50 
v 471 361 568 331 381 462 335 267 271 293 468 
Ab 1 6 1 1 2 1 7 7 17 27 11 Ba 39 96 8 33 59 27 131 130 465 343 1 19 Sr 96 219 114 91 132 88 158 250 203 273 253 Nb 3 .2 2.6 3 .4 2 .2 2 .5 3.1 2 .0 1.1 1.9 1.4 2.9 Zr 73 71 77 67 76 73 37 45 41 36 84 y 26 23 27 22 23 25 16 13 13 12 20 Th 0 .69 0 .59 0 .73 0 .63 0 .64 0.66 0.85 0 .84 1.26 1.96 1.17 
La 4 .50 4 .43 4 .46 4 .27 4.53 4.77 4 .65 4 .24 4 .48 7.95 6 .54 c. 12.57 12.32 12.75 11.70 11 .91 12.91 1 1.24 9 .66 10.54 15.67 15 .38 
Pr 1.80 1.72 1.98 1 .78 1.81 1 .8(1 1.54 1.32 1 .36 1.92 2.18 
Nd 9 .44 8 .83 10.05 8 .75 8 .94 8 .99 7 .46 5 .81 6 .03 7 .94 10.26 
Sm 2.84 2 .65 3.23 2 .78 2 .78 2.70 2.12 1.65 1.68 1.93 2 .91 Eu 1.11 1.05 1.14 1 .07 ~ .01 1.06 0 .69 0 .57 0 .54 0 .62 1.02 Gd 3 .58 3 .30 3 .76 3 .42 3.53 3 .45 2.73 2 .03 2 .03 2 .02 3.39 Tb 0.66 0 .60 0 .72 0 .62 0 .62 0 .64 0 .40 0 .32 0 .32 0 .29 0 .57 
Dy 4 .48 3.99 4 .87 3 .98 4 .15 4 .1 9 3.00 2 .41 2 .39 2 .21 3 .78 Ho 1.00 0.88 1.07 0 .87 0 .91 0 .95 0 .63 0 .48 0 .49 0.47 0 .82 Er 2 .67 2.46 2.96 2 .36 2 .34 2 .61 1.89 1.59 1 .41 1.46 2.42 
Tm 0.39 0 .34 0.42 0 .35 0 .32 0 .36 0 .00 0 .00 0 .00 0.00 0 .35 
Yb 2.56 2.33 2.92 2.24 2 .22 2 .47 1.76 1.52 1 .39 1.46 2 .31 0 lu 0.39 0.32 0 .41 0 .33 0.33 0.37 0 .28 0 .24 0 .22 0 .23 0 .36 
<" 
Sample CP-12-03 CP-1E-04 CP-18-06a CP-29-06 CP-31-16 CP-32-11 Cl-LR-2 cl-92-15 Cl-14-06 Cl-22-10 MM-01-01 Si02 53.13 49 .67 63.64 50.60 59.57 51 .91 53 .06 50.28 45.62 50.15 51.62 Ti02 1.03 1.19 0.97 0 .93 0 .78 0 .63 1.23 1 .19 0 .55 0 .69 0 .81 Al203 17.75 17.91 16.38 17.57 14.92 16.99 16.45 12.95 16.77 14.03 16 .75 Feo• 11 .95 13.27 6.19 10.96 9 .28 10.64 12.77 15.30 7.63 11 .53 9.66 MnO 0.19 0.17 0.16 0 .16 0 .14 0 .18 0 .16 0 .42 0 .18 0.17 0. 18 MgO 3.86 6.13 2.34 6.65 3 .47 6 .85 6 .07 8 .13 4 .75 9 .73 5 .98 CaO 9 .88 7.91 5.40 8 .79 4.28 10.23 4 .48 8 .48 22.36 11.27 10.32 l\le20 2 .04 3.38 4 .39 4.22 6 .50 2 .21 5.62 2 .73 2 .01 2 .32 3 .82 K20 0.03 0.18 0 .30 0 .03 1.05 0 .25 0 .07 0 .47 0 .05 0 .07 0 .70 P205 0.14 0.19 0.24 0.10 0.01 0 .12 0 .08 0 .05 0 .09 0 .04 0.16 
LOI 3 . 1 3 .2 2 .6 1 .7 1 .1 3 .0 4 .5 1 1.4 4 .3 4 . 1 Mg# 36.5 45.1 40.3 52.0 40.0 53.4 45.9 48 .6 52 .6 60.1 52 .5 
Cr 2 1 33 86 214 llli 24 19 cq Sc 45 56 29 46 44 43 45 40 34 44 v 450 425 60 333 402 342 565 425 227 339 239 
Rb 1 2 3 8 4 7 14 Ba 22 57 111 56 238 74 50 
Sr 374 330 263 889 198 279 64 136 295 255 269 Nb 2.2 4 .0 3 .0 1.8 3 .2 2 .3 0 .8 0 .3 0 .6 0 .5 1.3 Zr 22 102 120 44 56 41 50 43 38 37 63 y 20 25 30 15 12 16 29 23 12 15 22 Th 1.15 1.60 1.79 0 .79 1.71 0 73 0 .9& 0 .51 0 .93 0 .95 2 .20 
La 6.35 8 .24 11 21 4.46 6 .95 4 .36 4 .47 2 .54 3 62 4 .67 7 69 Ce 15.08 20.09 26 .18 10.93 15.22 10.70 11 .50 7 29 7 .80 8 .99 16 77 Pr 2 .01 2.66 3 .61 1.48 1.92 1.48 1.74 117 1 .10 1.34 2 .30 l\ld 9 32 12.20 16.45 7 .:n 8 .29 6 .97 8 .40 6 .0'3 4 .81 5 .71 10 48 Sm 2 67 3 .·l0 ..!.55 2 .03 2 .15 2 .08 2 .97 2 24 1.48 1.62 2 .77 Eu 0 .96 1.23 , 47 0 .86 0 .62 0 .85 0 .98 0 .79 0 54 0 .54 1.07 Gd 3 .45 4 .02 5.12 2.47 3 .01 2 .53 4 .00 3 , 1 1 .80 1.97 3 54 Tb 0.57 0 .72 0 87 0 .41 040 0 .44 0 .80 0 .55 0 .30 0 33 0 59 
Dv 3 . 75 .1 53 5 68 2 .75 2 66 2 .83 5. 22 4 .39 1.99 2 .28 3 .86 
Ho 0 .79 O.SS 1.:;: 0 .55 0 .57 0 55 1 . ~ 5 0 .90 0 45 0 .48 0 .85 Er 2 36 2 .61 3 .67 1.73 1.69 1.69 3 .49 2 .73 1 30 145 2 18 
Tm 0 .33 0 .36 J 53 0. 2~ 0 25 0 .25 0 .50 0 00 0 . 1 8 0 .20 0 .30 
Yb 2 16 : . ~3 3 43 1.65 ' .69 , .51 3 20 2 5 2 , ') ~ 1 .39 2 .17 lu 0 .29 0 :;:9 0 54 0 .25 0 .25 0 .24 0 .49 0 39 o.· 9 0 2 1 0 30 
...... 
..-: 
Semple cl-22-1011 Cl-13-10 CL-19-14 Cl-20-05 CL-20-08 Cl-24-06!8 Cl-24-1 0d Cl-24·11e Cl-19-0:> Cl-.20-06 Cl-21-0 1 Si02 45 40 48 .10 50.83 49 .70 54 .03 52 .16 5 2 90 43 .98 51 .47 53.46 50.8 :? Ti02 0 .67 0 76 0 .86 0 .36 1.00 0 .76 0 69 0 .8 3 1.1 8 0 .71 0.86 Al203 13.45 20.39 21 .36 19 .3€ 18 .27 18 99 13 .72 20 .5 6 20 .21 17 5 3 :?0 5:? Feo• 13.12 8 .99 8 .49 10.21 10.47 9.13 7 .64 9 .94 11 .:::1 8 .7 ::: 9.50 MnO 0 .23 0 . 17 0 . 14 0.17 0 .14 0.17 0 .13 0 .14 0 .17 0 .15 0 .17 MgO 9 .45 3 .55 3 .71 5 .10 3 .24 3 .69 2 9~ 4 .19 3 .12 4 92 3 -' () c.o 16.50 13.70 9 .24 9.70 8 .33 10 .99 11 .83 8OS 8 .09 11.97 11 .83 Ne20 1.10 3 .31 3.35 2 .95 3 6 2 2 .38 2 .72 4 .76 3 2 2 2 .2 6 2 .5 1 K20 0.07 0 .87 1.84 1.70 0 67 1 .55 1.22 1 .33 1.1 2 0 .14 0 .46 P205 0 .01 0.16 0 .18 0 .25 0 .23 0 .18 0 .17 0 .22 0 .2 1 0 .1 4 0 . 1S 
LOI 5 .5 2 .3 5 .2 6 .2 9 .7 6 .9 7 .9 3 .4 6. 6 4 .7 Mg# 56.2 41.3 43.8 47 .1 35.5 41 .9 4 1.0 42 .9 3 3 .2 50 . 1 3 6 .8 
Cr 187 13 37 90 9 12 26 47 Ni 58 5 13 32 7 Sc 39 34 32 37 27 39 35 32 v 351 304 3 2 7 301 192 3 47 266 345 362 256 2 77 
Rb 1 22 61 34 12 4 1 25 2 7 3S 2 7 Ba 51 
Sr 522 3 L4 4 13 271 335 256 269 320 5 2 8 343 47 1 Nb 0 .7 1.0 1. 1 1 2 1 .6 1 .0 0 .8 1.2 3 2 1. 7 1.4 Zr 19 56 65 65 72 55 4 6 61 10 4 91 81 y 11 17 28 2 4 2 2 19 15 19 3 2 22 2J Th 0 .89 2 .55 3 . 11 3 .69 3 .76 2 .87 2 .4 6 3 .43 6 .20 2.93 3 .92 
l;o 4 .11 9 .25 11 .00 12.85 12 .31 7 .9 2 8 .47 11 .3 1 2 1 .48 10.78 14 .3 3 Ce 8 .53 17.88 22 .65 2 7 .14 25 .96 16 .42 17 .4 1 23 .99 43 .98 21.38 28 .9 9 Pr 1.16 2 .46 2 88 3 .44 3 .36 2 .16 2 .29 3 .01 5 .81 2 .85 3 .79 Nd 5 .39 10.38 12.73 14.60 14 .33 9 .23 9 59 12.77 24.1 8 11 .53 15.21 Sm 1.54 2.55 3 . 11 3.64 3.62 2.45 2 .5 1 3 .28 5 .67 3 0 6 3 .90 Eu 0.53 0 .70 0 .94 0 .87 1.16 0 .78 0 .75 1. 18 1 .3 4 0 .76 1.0 9 Gd 1 .81 3 .30 3 .6 4 4 .3 4 4 .32 3 .03 2 .68 3 .99 4 .67 3 .02 4 .02 Tb 0 .27 0.51 0 .50 0 .62 0 .61 0 .49 0 .40 0 .56 0 .77 0 .5 2 0 .61 Dy 2.07 3 .07 3 .2 7 3.77 3 .87 3 .17 2 .61 3 .48 4 .84 3 .30 3 .8 0 Ho 0 45 0 .66 0 .67 0 .88 0 .87 0 .70 0 .5 4 0 .74 1 .00 0 .7 1 0 .78 Er 1 .32 2.11 2.05 2 .2 2 2 .3 6 1 .87 1.60 1 .95 3 .27 2 .18 2 .4 1 Tm 0.00 0 .27 0 .29 0 .31 0 .33 0 .28 0 .22 0 .3 1 0 .44 0 .31 0 .3 4 Yb 1 .16 1.86 2 .03 2 .04 2 .34 2 .0 1 1 .44 1 .96 2 .89 2 11 2 .2 6 0 lu 0 .18 0 .30 0 .31 0 .3 1 0 .32 0 .28 0 .22 0 .28 0 .44 0 .30 0 .33 
s. 
Semple CL-21~6• CL-22~7 CL-24~6/1 CL-24~615 CL-24-13• CL-19-03 CL-20~6 CL-21~1 CL-21~6• CL-22~7 CL-24~6/1 
Si02 60.54 55.55 63.36 59.89 56.40 51 .47 53.46 50.82 60.54 55.55 63.36 
Ti02 0 .88 0 .94 0 .95 0 .97 0 .94 1.18 0.71 0 .86 0 .88 0 .94 0 .95 
Al203 15.97 19.88 15.41 14.03 18.45 20.21 17.53 20.52 15.97 19.88 15 .4 1 
FaO• 10.37 6 .67 7 .11 10.76 8 .93 11 .21 8 .72 9 .50 10.37 6.67 7.11 
MnO 0 .14 0 .13 0.:!9 0 .25 0 .47 0.17 0 .15 0.17 0 .14 0 . 13 0 .29 
MgO 3 .48 2.54 2 .49 2 .33 2 .57 3 .12 4 .92 3 .10 3 .48 2 .54 2 .49 
CeO 4 .05 9.49 4 .66 7 .18 6 .46 8 .09 11.97 11 .88 4 .05 9 .49 4 .66 
Na20 4 .26 3 .85 4.12 3 .64 4 .04 3.22 2 .26 2 .51 4.26 3.85 4 .12 
K20 0 .08 0 .75 1.22 0.53 1.48 1 .12 0.14 0 .46 0.08 0 .75 1.22 
P205 0 .24 0 .20 0 .39 0 .42 0 .26 0 .21 0 .14 0 .18 0 .24 0 .20 0 .39 
LOI 2.6 1 .8 4.7 6 .6 4 .3 3 .4 6 .6 4 .7 2 .6 1.8 4 .7 
Mgl 37.4 40.4 38.4 27 .8 33.9 33.2 50.1 36.8 37.4 40.4 38.4 
Cr 47 
Ni 7 
Sc 37 28 39 35 32 37 28 
v 110 231 397 256 362 256 277 110 231 397 
Rb 2 19 44 18 38 2 7 2 19 44 
Be 
Sr 209 428 133 128 528 343 471 209 428 133 
Nb 2 .1 2 .7 1.5 1.5 1.6 3 .2 1.7 : .4 2.1 2 .7 1 . ~ 
Zr 91 97 86 99 52 104 91 81 91 97 86 
y 33 26 32 38 22 32 22 23 33 26 32 
Th 4 .77 4 .12 5.14 5 .03 3 .77 6 .20 2.93 3 .92 4 .77 4 .12 5 .14 
La 15.02 15 .83 15.26 16.98 17.63 21.48 10.78 14.33 15 .02 15.83 15 .26 
c. 34.81 31 .63 32.72 36.42 36.73 43 .98 21 .38 28.99 34.81 3 1.63 32.72 
Pr 4 .61 4 .20 4 .24 4.67 4 .51 5 .81 2 .85 3 .79 4 .61 4 .20 4 .24 
Nd 19.57 16 .82 19.59 20.18 17 .69 24 .15 1 1.53 15.2 1 19.57 16.82 18 .59 
Sm 4 .82 4 .11 4.62 5 .26 4 .28 5 .67 3 .06 3 .90 4 .82 4 .11 4 .62 
Eu 1.49 0 .81 1 .35 1 .34 1.64 1.34 0 .76 1 .09 1 .49 0 .8 1 1.35 
Gd 4 .82 3 .71 5 .67 5 .68 4 .12 4 .67 3 .02 4 .02 4 .82 3 .71 5 .67 
Tb 0 .79 0.61 0.90 0 .94 0 .64 0 .71 0 .52 0 .61 0 .79 0 .6 1 0.90 
Oy 5 .34 3 .76 5 .33 6 .05 4 .08 4 .84 3 .30 3 .80 5 .34 3 .76 5.33 
Ho 1.15 077 1.16 1 .33 0.91 1 .00 0 .7 1 0 .78 1.1 5 0 .77 1.18 
Er 3 .00 2 .49 3 .33 3 .9 1 2 .50 3 .27 2.18 2 .41 3 .00 2 .49 3 .3~ 
Tm 0 .44 0 .34 0 .47 0 .5 2 0 .39 0 .44 0 .31 0 .3 4 0 .44 0 .34 0 .47 
Yb : .97 2 .33 3 .14 3 .55 2 38 2 .89 2 .11 2 .26 2 .97 2.33 3.14 0 Lu 0 .4 1 0 .35 0.49 0 50 0 .36 0 .44 0 .30 033 0 .4 1 0 .35 0 .49 
~ : 
Semple Cl-24-0615 CL-16-12 cl-06-08 CL-1 1-1 1a 
Si02 59.89 51.13 49 .55 50.42 
Ti02 0 .97 0 .61 1.01 0 .91 
Al203 14.03 15.54 16.81 12.86 
Feo• 10.76 7.72 9.36 11.61 '· 
MnO 0 .25 0.26 0.17 0 .20 
MgO 2.33 6 .60 5 .63 10.81 
c.o 7.18 14.67 11.79 10.26 
N•20 3.64 3 .14 3 .50 1.46 
K20 0 .53 0 .24 2 .07 1.22 
P205 0.42 0.09 0 . 11 0 .25 
LOI 6 .6 7 .4 10.0 
Mg I 27 .8 60.4 51.7 62.4 
Cr 82 27 368 
Ni 63 19 112 
Sc: 32 35 53 
v 256 261 408 552 
Rb 18 3 32 34 
a. 182 
s, 128 361 339 225 
Nb 1.5 3 .0 2.8 2.8 
Zr 99 50 71 72 
y 38 11 15 19 
Th 5.03 1.42 2.54 4 .19 
le 16.98 7.26 10.81 13.45 
c. 36.42 14.99 25.54 30.09 
Pr 4.67 1.84 3.22 3.98 
Nd 20.18 7.56 13.88 17.30 
Sm 5 .26 1. 75 3 .54 4.04 
Eu 1.34 0 .55 1.02 1.28 
Gd 5.68 2.12 3 .36 4.47 
Tb 0.94 0 .29 0 .49 0.60 
Dy 6 .05 :!.02 3.16 3.22 
Ho 1.33 0 .44 0.59 0 .65 
Er 3 .91 1.28 1.66 1.65 
Tm 0.52 0.16 0 .00 0 .23 
0 Yb 3.56 1.19 1.60 1 .60 
Lu 0.50 0.18 0 .22 0 .22 
~: 
APPENDIX D - TABlE 2 - CL AND CP SAMPLES 
Semple CL-01-14 CL.01-14a CL-16.01 CL-16-0Ba CL-04.08a CL-LR-1a CL-19-20b/1 CP-22-14 CP-30-07 CP-33.05 
Si02 52.17 57.38 53.65 52.07 51.64 55.98 46.49 52.1 1 57 .69 58 .43 
Ti02 2 .29 1.25 1.59 1.79 1.63 0 .21 1.16 1 .98 0.62 0 .83 
Al203 16.77 17.93 17 .02 14.15 14.40 9 .62 10.74 12.74 15.60 15.0 4 
FeO• 11 .64 6.40 10.78 1 1.67 12.70 8 .38 9 .06 11.'!9 10.73 11 .48 
MnO 0.11 0 .11 0 .20 0 .21 0.22 0 .17 0.16 0.27 0 .24 0 .15 
MgO 3 .85 3.69 4 .50 5 .29 6.24 12 .31 14.02 8 .10 11.14 4 .61 
CeO 6 .49 4.87 6 .48 12.40 8.53 10.22 14.37 8 .97 0.68 4 .32 
Na20 5 .91 7.61 5 .58 2 .13 3 .46 2 .84 0 .19 3 .60 3 .18 4 .97 
K20 0 .15 0.32 0 .08 0 .03 0 .90 0 .27 2 .62 0 .16 0 .02 0 .03 
P205 0 .62 0 .45 0 .12 0 .26 0 .29 0 .01 1.19 0 .17 0 .10 0 .14 
LOI 5 .6 4 .3 2 .4 1.9 1 .8 7.6 1.9 5 .4 5 .7 
Mgl 37.1 50.7 42 .7 44.7 46.7 72.4 73.4 54.8 64.9 41.7 
Cr 14 271 688 
Ni 9 9 9 120 304 
Sc 45 13 42 41 58 70 26 45 36 33 
v 537 89 396 384 431 216 297 526 429 
Rb 3 3 2 18 38 1 1 
Ba 153 27 12 13 
Sr 371 435 76 364 319 53 440 149 22 92 
Nb 15.3 14.5 1.5 10 .0 4 .7 0.4 8 .4 4 .0 5 .2 3 .2 
Zr 182 232 84 178 138 20 289 103 101 79 
y 49 16 34 37 35 6 34 38 13 16 
Th 3 .12 5 .39 0 .20 1.39 0 .76 0 .10 13.15 0 .27 0 .66 0 .60 
La 28.46 26.10 2 .56 13.63 8 .50 0 .85 74.25 9 .16 7 .59 4 .89 
c. 60.20 59 .18 8.08 32.18 22 .07 2 .57 182 .69 22 21 19 .95 12.90 
Pr 7 .43 7.2:1 1.35 4 .38 3 .40 0 .41 23.37 3.11 2 .66 1.89 
Nd 32.06 29 .9u 7 .72 18.92 15 .38 2 .03 96.55 15.22 12 .57 9 .72 
Sm 7 .49 5 .49 2 .75 5 .18 4 .66 0 .70 19.19 4 68 3 .02 2 80 
Eu 2 .32 1.69 1 .10 1.96 1.97 0 .22 5 .10 1.37 0 .89 0 .92 
Gd 7.84 4 .49 4 .32 6 .21 6 .20 0 .76 14 .45 6 .43 2 .58 2 .94 
Tb 1.24 0 .60 0 .77 1.00 1.04 0 .14 1.64 0 .98 0 .34 0 .49 
Dy 7 .99 3 .24 5 .00 6 .56 6 .89 0 .97 7 40 7 .14 1 .95 3.08 
Ho 165 0 .59 115 1.39 1 44 0 .23 1.14 1.44 0 .45 0 .65 
Er 4 .SS 1.61 3 .16 3 .47 3 .76 0 .65 2 .39 4 .28 1 39 1.88 
Tm 0 6:1 0 .22 0 .43 0 .46 0 .50 0 .09 028 0 .59 0 .23 0 .27 
Yb 4 .52 1.38 2 97 2 .90 3 .58 0 .69 , .59 3 .88 , .70 2 .05 
-Lu 0 67 0 .20 0 .40 0 .38 0 .46 0 .12 0 23 0 .55 0 .3 1 0 .30 ""' 
;;; · 
APPENDIX D · TABLE 3 ·NON-ARC VOLCANICS 
s .... ple CL-19-20 CL-19-29 CL-19-30 CL-19-24 CL-01 -14 CP-33-19 JLB-07 WA-33« CL-<>4-15 CL-<>8-06 CL-10-04 CL-10-12b 
Si02 54 .98 4 7 .67 52.63 52.12 52.17 51 .22 49 .76 50.88 49 .10 51.01 51 .04 45 .57 
Ti02 1.22 0 .79 1.15 1.93 2 .29 1.74 1.33 1.48 1.09 1.33 1 .40 1 .25 
Al203 16.30 19.04 15.80 15.34 16.77 14 .59 15.15 15.44 20 .19 15 .90 15 .88 15 .5 1 
F .. o• 12.04 7 .17 8 .84 1 , .23 11.64 10.89 10.01 10.21 7 .60 9 .75 9 .86 18 .3 7 
MnO 0.14 0 .13 0 .1 6 0 .13 0 .11 0 .22 0 .15 0 .21 0 .13 0 .17 o.n 0 .16 
MgO 5.52 6.14 6 .60 4 .35 3 .85 6 .62 6 .35 6 .62 6 .54 7 2 7 6.98 7 .5 4 
CaO 4.82 14.73 10.21 9 .77 6 .49 10.86 12.41 11.28 11 .98 11 .72 10 .99 7.49 
Na20 4 .61 3.7i 4 .21 4 .04 5 .91 3 .54 2.31 3 .59 2 .88 2 .55 3 .43 3 .66 
K20 0 .10 0 .52 0 .27 0 .88 0 .15 0 .17 2 .44 0 .15 0 .4 1 0 .2 1 0 .12 0 .35 
P205 0 .27 0.10 0 .14 0 .20 0.62 0 .16 0 .08 0 .14 0 08 0 .10 0 .13 0 .10 
LOI 6 .4 7.1 4.3 1.9 5.6 1.7 3 .4 3 .4 2 .8 2 .0 3.0 4 .4 
Mgl 45 .0 60 .4 57.1 40.8 37.1 52.0 53 .1 53 .6 60.5 57 .1 55 .8 42 .2 
Cr 161 280 255 34 222 367 96 202 74 191 211 
Ni 86 63 85 25 29 69 30 64 16 35 71 Sc 49 25 34 44 45 56 47 39 42 47 48 
v 343 186 289 372 537 357 310 311 197 273 299 278 
Rb 2 10 7 25 3 2 5 3 7 5 6 
Ba 27 24 
Sr 137 246 150 199 371 256 175 232 344 265 244 311 
Nb 7.2 4 .3 7 .0 7.3 15.3 2 .9 2 .0 3 .2 1.6 3 .1 23 1 .9 
Zr 81 55 70 177 182 1 14 87 114 85 104 102 103 y 32 17 24 47 49 34 28 36 18 25 26 22 
Th 0.57 0 .33 0.46 0.45 3.12 0 .19 0.14 0 .35 0.16 0.23 0 .26 0 .17 
La 7 .00 4 .34 5 .3 1 6 .05 28 .46 4 .09 2.90 4 .22 3 .43 4.61 4 .51 3 .58 
c. 15.00 9 .26 12.63 16.62 60.20 12.96 9.43 12.52 9 .58 12 .32 12.47 10.85 
Pr 2.28 1.42 1.75 2.75 7.43 ~ . 14 1.55 2 .08 1.65 2 .14 2.15 1.74 
Nd 10.87 6 .14 8 .34 13.56 32.06 11 .84 8 .03 10.82 8 .04 10.42 10.76 8 .4 0 
Sm 3.28 1.86 2 .54 4.53 7 .49 3 .93 2.77 3 .72 2.48 3 .19 3 .58 2 .58 
Eu 1.11 0 .68 0 .89 1 .78 2 .32 1.57 1.09 1.44 0 .98 1.13 1.3 1 1.10 
Gd 3 .82 2 .23 3 .31 6.42 7.84 5.28 3 .13 4 .78 2.78 3 .95 4 .03 3 .36 
Tb 0 .73 0 .41 0.59 1.15 1.24 0.98 0.62 C.95 0.54 0 .74 0 .77 0 .62 
Dy 4 .68 277 4.03 7.64 7.99 6.28 4 .31 6 .18 3 .57 4.52 4.93 3 .90 
Ho 1.00 0 .57 0 .90 1 .69 1.65 1.22 0 .93 1.38 0 .74 0 .95 1.03 0 .80 
Er 2 .93 1.86 2.51 4 .2 1 4 .88 3.74 2.60 3 .87 2.23 2 .79 3 .03 2.12 
Tm 0.41 0.25 0 .31) 0.55 0 .69 0 .51 0.39 0.56 0 .30 0 .36 0 .4 1 0 .27 
Yb 2 .69 1.59 2.30 3.77 4 .52 3.32 2 .35 3 .53 1.98 2 .40 2 .55 1.86 0 lu 0.40 0.24 0 .30 0 .49 0 .67 0.47 0.36 0.56 0 .26 0 .33 0 .39 0 .24 
~ 
Sample WA-21 CL~1~6e CL~1-10 CL-10~9 CL·16~5e/1 CL~7 ·11 CL~9~6 CL-12~1 CP~1~8e WA~1 WA-16 CL~7-11 
Si02 48.18 51.8 1 56.39 56.73 49.56 49.16 50.57 50.53 48.84 50.63 49.51 49.16 
Ti02 1.43 2.19 2 .18 2.49 1.74 1.70 2 .12 1.98 1.74 2.26 1.55 1.70 
Al203 16.41 14.53 12.79 13.63 14.86 17.56 15.05 14.2 1 15.4 1 13.86 16.33 17.56 
Feo• 10.74 12.44 12.47 12.53 11 .27 10.42 11 .37 11 .95 10.22 13.53 10.23 10.42 
MnO 0 .19 0 .23 0.22 0.19 0 .20 0 .17 0 .19 0 .21 0.18 0 .21 0.19 0 .17 
MgO 7 .93 5 .39 4 .33 4.52 6 .67 5 .43 7 .29 6 .79 7 .30 6.~6 7.60 5 .43 
CeO 12.45 8.15 7.00 5 .09 11 .29 12.37 9 .65 10.72 12.07 7.61 10.93 12.37 
Ne20 2.02 4 .72 4.19 4 .37 4 .12 2 .68 3 .41 2 .72 3 .94 4 .51 3 .17 2.68 
K20 0 .49 0 .16 0. 18 0 .12 0 .11 0 .32 0 .07 0 .69 0 .10 0 .07 0.36 0 .32 
P205 0.1£' 0.38 0 .24 0 .33 0 .19 0.19 0.27 0.20 0.20 0 .35 0 .1 5 0 .19 
LOI 2.5 1.7 2.4 2 .4 3 .2 2.0 3 .6 2 .7 2 .9 2.8 2 .3 2 .0 
M~l 56.8 43.6 38.2 39 .1 51 .4 48.1 53 .3 50.3 56.0 47.8 57.0 48 .1 
Cr 218 55 117 143 55 214 182 117 
Ni 84 10 33 35 23 36 7 50 33 
Sc 49 51 44 40 49 38 4 1 45 49 43 41 38 
v 320 372 490 454 334 322 393 405 326 427 309 322 
Rb 12 2 6 10 1 6 6 
Be 51 48 20 155 
Sr 238 209 183 238 170 288 234 273 255 152 347 288 
Nb 2.7 5 .4 5 .8 8 .3 4 .6 5 .5 11 .4 7 .4 5 .9 11.1 5 .5 5 .5 
Zr 98 167 174 222 130 116 141 141 119 158 104 1 16 
y 25 4 1 4 2 53 31 29 26 32 30 4 1 27 29 
Th 0 .28 0 .41 0.68 0 .92 0 .43 0 .48 1.03 0 .60 0 .49 1.27 0 .56 0 .48 
La 4 .61 7 .47 8 .85 11.5 1 6 .71 7.94 12.22 8 .90 7.01 13.15 6 .99 7.94 
Ce 13.25 21 .21 23 .77 31 .30 18 .70 19.42 2 9 .32 22.67 20.26 33.47 19 .34 19 .42 
Pr 2 .15 3 .30 3 .76 4 .89 2 .86 2.98 4 .05 3 .31 3 .00 4 .47 2 .74 2 .98 
Nd 11.23 15.97 18 .36 23 .26 14.56 13.72 17.92 14 .99 15.03 21 .41 14 .0 1 13.7 2 
Sm 3 .38 4 .98 5 .69 6 .99 4 .17 4.18 4.82 4 .23 4.38 5 .83 3 .88 4 .18 
E:.o 1.33 2 .00 1.80 2 .0~ 1.74 1.48 1.56 1.75 1.69 2 .12 1.48 1.48 
Gd 4 .14 6 .83 5 .88 7 .83 5 .67 4 .51 4 .46 5 .42 5 .05 6 .79 4 .51 4 .51 
Tb 0 .77 1 .13 1.14 1.10 0 .95 0.82 0 .74 0 .92 0 .89 1 .16 0 .78 0 .82 
Dy 4 .81 7 .18 7.3 1 9 .2 8 5 .88 5 .05 4 .53 5 .52 5 .77 7.50 5 .0 2 5 .05 
Ho 1 .07 1 .57 1.52 1.91 1.29 1.03 0 .89 1.15 1.18 1.61 1.09 1.03 
Er 2.69 4 .19 4 .86 5 .89 3 .30 3 .0 1 2 .80 2 .97 3.15 4 .08 2.92 3 .01 
Tm 0 .38 0 .55 0 .68 0 .86 0 .42 0 .42 0 36 0 .40 0 .4 1 0 .56 0 .41 0 .4 2 
Yb 2 .37 3 .50 4 .2 3 5 .37 2 .75 2.60 2 32 2 .47 2 .72 3 .54 2.58 2.60 
Lu 0 .34 0 .51 0 .5 9 0 .82 0.36 0.39 0 34 0 .34 0.17 0 .50 0 .39 0 .39 0 
~. 
APPENDIX 0 ·TABLE 4 · TRANSITIONAL VOLCANICS 
Sample CL -01-14 CL-1 6 -01 Cl-16-08a Cl-10-11a Cl-16-02 CP-09-01 WA-12 WA-10 CL·11- 12a CL-04-04a CP H0-0 1 
So02 52 . , 7 53 .65 52 .07 55 .64 49 .16 52 25 49 60 53 .5-! -!6 .5: 5!: 70 5.! .!3 
Ti02 2 .29 1.59 1.79 1.30 1.26 1.55 1.56 1 69 1.31 1.~: • ? , 
Al203 16.77 17.02 14 .15 14 .62 17.48 13 .61 15 .62 1 J J 7 19 .35 16.12 :6 02 
Feo• 11 .64 10.78 11.67 9 .73 8 .71 9 54 11.36 10 .87 9 68 9 .10 9 38 
MnO 0.11 0.20 0 2i 0 .1 6 0 .20 0 .20 0 .20 0' 7 0 .18 0 .16 0 iJ 
MgO 3.85 4.50 5 .29 6 .58 10.46 6 .75 7 .10 c; 82 9 27 J .76 J 01 
CaO 6 .49 6 .48 i 2.40 8 .96 9 .12 11 18 11 .02 8 .07 10.47 8 .15 7 .64 
Na20 5 .91 5.58 2 .13 2 .63 3 .24 4 .46 3 .25 4 .8: 2 .95 3 .58 6 ~-
K20 0.15 0.08 0.03 0 .25 0 .24 0 .25 0 .12 0 .34 0 .14 0 .84 0 . ~3 
P205 0 .62 0 .12 0 .26 0 .12 0 .1Z 0 .20 0 .18 0 22 0 . 1.: 0 .17 0.::'3 
LOI 5 .b 4.3 2 .4 3.2 3 .8 2 .3 2 .7 2.7 3.5 2.5 5 .6 
Mg # 37.1 42 .7 44 .7 54.7 68 .2 55 .8 52 .7 48 .8 63.1 48 3 43.3 
Cr 22 46 128 199 16 340 42 
No 9 13 24 41 47 11 174 12 
Sc 45 42 41 46 37 52 49 44 43 39 3: 
v 537 396 384 284 275 334 354 382 240 300 235 
Rb 3 2 3 26 2 1 3 2 13 
Ba 145 so 45 46 15 249 51 
Sr 371 76 364 226 267 141 200 159 264 287 149 
Nb 15.3 1 .5 10.0 3.1 3 .5 4 .3 4 .6 5 .9 2 .1 7.3 6 .6 
Zr 182 84 178 121 105 112 111 142 104 148 128 y 49 34 37 29 23 28 29 36 21 37 3 1 
Th 3.12 0 .20 1.39 0.47 0 .67 0 .79 0 .64 1 09 0 .36 1.97 2 07 
La 28 .46 2.56 13 .63 5 .89 6 .03 6 .74 7 .36 10.23 3 .88 11.87 12 .29 
Ce 60.20 8 .08 32 .18 16.14 16 .68 17.70 19.81 26.32 11.97 29.05 30.96 
Pr 7.43 1.35 4 .38 2.60 2 .54 2 .65 2.93 3 .78 1.92 3 .90 4 .21 
Nd 32.06 7 .72 18.92 13.46 12 .08 13.29 14.48 17.71 9 .28 18 .11 18 .57 
Sm 7.49 2 .75 5 .18 3 .89 3.42 3 .87 4 .15 4 .9 7 2.97 4 .94 5 .10 
Eu 2.32 1.10 1.96 1.29 1.40 1.22 1.45 1.75 1.21 1 69 1.~3 
Gd 7.84 4 .32 6 .21 4 .26 4 .28 4 .71 4 .8~ 5 .93 4 .26 5 .9 1 6 .01 
Tb 1.24 0 .77 1.00 0 .83 0 .72 0 .78 o . ~· a 1.01 0 .70 0 .96 0 .95 
Dy 7.99 5 .00 6 .56 5.09 4 .62 5 .20 5 .24 6 .46 4 .57 6.22 6 .03 
Ho 1.65 1.15 1.39 1.04 0 .91 1.08 1.12 1.34 0 .96 1.37 1.23 
Er 4.88 3 .16 3 .47 3 .15 2.6 7 3 .06 3 .16 3 .88 2 .54 3 58 3 .65 
Tm 0 .69 0 .43 0 .46 0 .42 0 .39 0 .45 0 .45 0 .55 0 .33 0 .49 0 .50 0 Yb 4.52 2.97 2 .90 2.80 2.44 2.87 2.86 3 .45 2 .14 3 .48 3 .13 
lu 0 .67 0.40 0 .38 0 .4.2 0 .35 0 .41 0 .42 0 .53 0 28 0 .51 0 .4 1 ~: 
Sample WA-03 
Si02 57 .02 
Ti02 1.20 
Al203 15.16 
Feo• 7.92 
MnO 0.14 
MgO 5.78 
CaO 9.14 
Na20 2.77 
K20 0.70 
P205 0 .17 
LOI 1.9 
Mgll 56.5 
Cr 140 
Ni 50 
Sc 32 
v 211 
Rh 10 
Ba ~02 
Sr 227 
Nb 6 .8 
Zr 1 • ~ ~ .. 
y 33 
Th 2 07 
La 1 1.11 
Cr 26.50 
Pr 3 .66 
Nd 17 03 
Sn1 J 59 
Eu 1 -! 2 
Gd .: .96 
Tb 0$6 
Oy 5 .7: 
Ho 1 .:7 
Er 2 ~g 
Tm 0 -!i'J 0 
'Yb 3 ;:g 
lu :J .:s E: 
APPENDIX 0 - TABLE 5 - ARC INTRUSIVES 
Sample JLB-02 JLB-04 JLB-02 JLB-04 CL-01 -01 a CL-06-06a CL-19-27 CL -06 -05 CL -19-27a CL-07 -03 CL- 16-02b 
Si02 47.42 6 1.85 4 7.42 61 .85 58 .30 52 .63 50 .06 53 .54 55 .:3 57 36 s.:: ;;:;. 
Ti02 0 .11 0 .17 0 .11 0 .1 7 0 .77 0 .6 1 0 .25 0 .34 077 ' .00 1.4 6 
Al203 11 .55 11.09 1 1.55 11.09 14 .79 i 6 .52 ~ 4 .08 16.79 , 4 .1 ..:. 15 4S i S.03 
FeO• 12 34 9 .12 12.34 9 .1 2 10.34 9 21 5 .2 7 6 .92 , 1 . 77 11 .56 £l ::s 
MnO 0 .28 0 .17 0 28 0 .17 0 .13 0 .10 0 .13 0 .23 0 .24 0 .09 0 ! 7 
MgO i 9 .51 8 .07 19 .5 1 8 .07 4 .35 7 .75 13 .02 9 .9 1 4 .8 2 ..\ .0..\ 6 .5 :' 
CaO 8 .44 7 .52 8.44 7 .5 2 11 .21 8 .32 14 .75 7 .65 9 .97 5...\ ..\ 8 .;!4 
Na20 0 .18 0 .97 0 .18 0 .97 0 .06 4 .35 1 24 4 04 1.98 3 .87 : 35 
K20 0 .17 1.03 0 .17 1.03 0 .01 0 .44 1.2 1 0 .54 0 .04 1 .03 1.34 
P205 0 .01 0 .01 0 .0 1 0.01 0 .04 0 .06 0 .00 0 .04 0 .05 0 .14 0 .06 
LOI 8 .1 2.6 8 .1 2 .6 3 .8 1.7 3 .2 3 .3 5 .8 2 6 2 5 
Mg# 73 .8 61.2 73 .8 6 1.2 4 2 .9 60 .0 8 1.5 7 1.8 4 2 .2 30 .-4 55.6 
Cr 1726 289 1726 2 8 9 52 205 176 46 
Ni 516 74 5 16 74 6 6 108 84 ;:'..\ 
Sc 57 46 57 46 28 55 55 4 1 43 45 36 
v 297 286 297 286 361 338 177 253 3 71 3 6 1 2 7.:: 
Rb 4 17 7 2 23 26 
Ba 8 8 
Sr 6 103 6 10 3 100 21 6 164 177 113 250 255 
Nb 0.7 1 .2 0 .7 1 .2 0 .7 0 .3 0 .1 0 .3 0 .9 2.€ 1.3 
Zr 14 2 3 14 23 4 1 32 12 30 6 1 80 34 
y 3 4 3 4 20 14 7 9 30 20 12 
Th 0 .30 0 .36 0 .30 0 .36 0. 2 1 0 .1 5 0 .0 2 0 .24 0 .68 0 .71 0 .50 
La 0 .94 1.2 8 0 .94 1 .28 1.66 , .0 7 0 .44 1 .35 3 .37 5 .64 3 03 
Ce 2.2 9 2 .90 2.29 2 .90 4 .21 2 .68 0.8 7 3 .23 9 .57 15 54 7 06 
Pr 0 .28 0 .35 0.28 0 .35 0 .72 0 .44 0 .21 0.46 1.42 2 .14 1.05 
Nd 1.20 1.47 1.20 1.47 3 .77 2.4 3 0 .99 2 .29 7 .50 10 .62 4 .4 1 
Sm 0 .32 0 .37 0 .32 0 .37 1 .54 0 .98 0 .47 0 .88 2 .64 3 .13 1.36 
Eu 0 .08 0 .10 0 .0 8 0 .10 0 .56 0 .47 0 .26 0 .36 0 .92 1.21 0 .59 
Gd 0 .2 9 0 .31 0 .29 0 .3 1 2 .34 1.73 0 .72 1 .35 3 .44 4 .29 1.96 
Tb 0 .05 0 .06 0 .05 0 .06 0 .46 0 .33 0 .15 0 .24 0 .66 0 .69 0 .31 
Dy 0 .4 4 0 .52 0 .44 0 .52 3 .43 2 .32 1.10 180 4 .86 4 .79 2 .19 
Ho 0 .12 0 .13 0 . 12 0.13 0 .8 3 0 .55 0 .25 0 .40 1.06 0 .98 0 .46 
Er 0 .39 0 .45 0 .39 0 .45 2 .28 1.56 0. 69 1 .26 3 .0 9 2 .85 1.25 
Tm 0 .07 0 .08 0 .07 0 .08 0 .35 0 .22 0 .0 9 0 .20 0 .45 0 .39 0 .19 
Yb 0 .50 0 .60 0 .50 0.60 2 .50 1 56 0 .62 132 2 .83 2 .54 1.23 0 
Lu 0 .09 0 .10 0.09 0.10 0.36 0 .24 0.09 0 . 19 0 .37 0 .34 0 .18 • 
~-
< 
Sample A112b BS-5 JLB-08 WB-1 CL-LR-la CL-01 -01a CL-06-06a CL-19-27 CL-06-05 CL-19 -27a CL-24-16c/2 
Si02 55 .64 52 .21 61 .48 57.91 55 .98 58 30 52.63 50.06 53 .54 56 .23 62 .7 1 
Ti02 1.02 1.06 0.75 0 .59 0 .2 1 0 .77 0 .61 0 .25 0 .34 0 .77 0 .64 
Al203 15.87 15.63 15.76 17.62 9.62 14.79 16.52 14 .08 16.79 14.14 16.43 
Feo• 7.01 6 .78 5 .65 6 .82 8 .38 10 .34 9 .2 1 5 .27 6 .92 11.77 4 .60 
MnO 0 . 12 0 .17 0 .11 0 .10 0 .17 0 .1 3 0 .10 0 .13 0 .23 0 .24 0 .09 
MgO 8 .18 8 .85 5 .88 5 .6i 12.31 4 .35 7 .75 13.02 9 .91 4.82 4 .5 5 
CaO 5 .54 10.62 5 .75 7 .41 10 .22 11 .2 1 8 .32 14 .75 7 .65 9 .97 4 .04 
N~zo 5 .16 4 .01 4 .19 3 .49 2 .8" 0 .06 4 .35 1 .24 4 .04 1.98 4 .S7 
K20 1.25 0.32 0 . 11 0 .38 0 .27 O.Oi 0 .44 1 .21 0 .54 0 .04 2 .19 
P205 0 .22 0 .35 0 .32 0.06 0 .01 0 .04 0 .06 0 .00 0 .04 0 .05 0 .18 
LOI 3.4 9 .9 5.2 2 .8 1.8 3.8 1.7 3 .2 3 .3 5 .8 5 .3 
Mg# 67 .5 69 .9 65.0 59 .4 72 .4 42 .9 60 .0 81 .5 71 .8 42 .2 6 3 .8 
Cr 495 317 170 271 52 i05 176 181 
Ni 179 160 89 120 6 6 108 84 84 
Sc 2 1 20 23 70 28 55 55 4 1 43 18 
v 2C2 185 143 262 216 361 338 177 253 371 125 
Rb 23 4 59 6 4 17 7 2 43 
Ba 323 2 70 48 7 122 
Sr 391 160~ 2 70 319 53 iOO 2 16 164 177 1 13 3 06 
Nb 6 .8 6 .8 6 .2 2 .7 0 .4 0 .7 0 .3 0 1 0 .3 09 20 
Zr 114 127 139 77 20 4' 32 12 30 61 124 
y 19 16 18 11 6 20 14 7 9 30 12 
Th 2 so 4.56 4 .99 1.39 0 .10 0 21 0 .1 5 0 .02 0 .24 0 .€8 4 .€8 
La 18 .48 24 .01 .26 .0 3 7 .85 0 .85 1.66 1.07 0 44 1.35 3 .37 13 .5 1 
Ce 3 9 .83 53 .4: 5 7 09 17 .55 2 .5 7 4 _...,, 2 .6e 0 .87 ~ · ~ 9 .57 29.4€ "- ' - "-~ 
Pr 4 ss 6 .51 6 .64 2 28 0.41 CJ . 73 0.44 0 .21 0 45 1 .4 2 3 52 
Nd 20 .43 25 .37 24.73 9 3S 2 .03 3 77 2 .J3 0 39 2 23 7 .50 " 4 .01) 
Sm 4 .1 5 5 0 6 .. .... _ :: 1 5 0 .7 0 1 ~ • 0 38 0 47 ') 88 2 64 ~ 9Q . . '.:) -
Eu 1 .1 7 1.51 1 Oi c 61 0 .22 0 56 0 .4 7 0 26 s 36 0 .92 0 84 
Gd ~ 06 4 .93 2 .59 2 :3 0 .76 ' ? • ' .73 07'2 
1 ~:: 3 .44 2 .85 
"- -· 
_ _, 
Tb 0 c. . 0 .55 0 35 0 .20 0 . • J 0 4 '3 023 0 .15 r '• 0 .6'5 
0 ., ., 
-· 
v ... . 
Dv :3 5 9 :: .3 .:. : .85 : :6 0 .97 ::. .;2 2 .22 1 '0 EO 4 86 2 02 
H o 0 53 0 65 0 57 ¥ - 0 .23 c Q , c 55 0 .2S 
,... / !"" 1.06 ~ 3e: J . _, 
Er : "5 1 7- 1 5£1 - o.es : := - ~ .,. 0 .69 
.,_ 2 09 
~ ":IJ "J 
Tm -~ 0 .24 2 :.3 c.· 0 .09 0 7_= c ,, C.0 3 r , ,., 0 45 ':. 4 ~ 
' 
.t.,.;:. _, "--' 
Yb - - 1.64 ~ .: e - C.59 ~ 5 C ' 5~ c ~' 32 2!!3 ':, 3~ 
-- -
. 
-· lu :: - 0 -, ~ -- c : 0 - ~ c "' 0 24 C" 0 3 ~ - 3 0 3 7 
~ ~ ~ 
- "' 
--
Sample Cl-LIP-1 BS-01 Cl-19-ZOc CP-33-21a LBM-1 WB-3 Cl-22-10b/2 MM-04-07 6 Cl-24-13b Cl-24-17b Cl -24· 1 Jc 
Si02 6C.12 51.03 51 .01 54 .96 49 .79 48.53 54 .34 52 .41 57 .19 54 .99 60 .73 
Ti02 0.95 0 39 0 .60 0 .69 0 .48 0 .43 0 .93 1 .08 0 88 0 .85 0 .4S 
A1203 16.70 13.51 14 .14 18 .43 17 .93 8 .33 20.34 20 .54 19 .24 18 .76 16 .9 1 
Feo• 5 .50 10.19 9 .23 14.00 9 .03 9 .39 i! .50 8 .20 8 .41 9 .92 6 .80 
MnO 0 .10 0 .18 0 .16 0.20 0 .16 0.17 0 .10 0 .26 0 .21 0 .21 0 .32 
MgO 4 .33 !! .64 10 .97 7 .04 8 .06 18 .52 3 .11 2 .13 3.47 4 .41 4 .07 
CaO 6 .85 12.10 11 .06 0 .35 11 .32 14 .21 5 .55 8.30 3 .64 6 .05 5 .25 
Na20 4.13 1.81 2 .49 4 .00 2 .91 0 .18 6 .19 1.62 5 .66 2 44 2 .58 
K20 1.24 1.08 0 .20 0 .25 0 .22 0.19 0 .82 5 .25 0 .99 2 .20 2 .69 
P205 0.08 0 .07 0 .13 0 .09 0 .09 0 .04 0 .12 0 .2 1 0 32 0 .17 0 . , 6 
LOI 1.4 2.6 12.0 3 .1 3 .6 3 .9 9 .0 3 .5 5 .3 6 .7 
Mg # 58 .4 62.8 67 .9 47.2 6 1 .4 77.8 39.5 31 .6 42.4 44.2 51 .6 
Cr 78 609 1337 35 
Ni 23 160 368 
Sc 22 48 53 39 40 62 30 32 25 
v 164 318 307 289 279 371 314 290 309 232 
Rb 29 21 2 5 3 5 15 166 25 44 68 
Ba 60 51 52 
Sr 544 175 133 39 244 54 391 218 274 354 123 
Nb 3.3 0 .7 1 .1 1.4 0 .9 0.4 1.0 2 .1 3 .0 1 .2 2 .7 
Zr 176 22 42 30 20 13 58 79 86 69 108 
y 17 9 14 12 12 8 16 22 26 22 22 
Th 4.06 0.90 0 .80 , .52 1 .78 0 .96 1 .58 3 .99 5 .22 3 .59 8 .0 1 
La 11 .83 3 .84 7 .86 4 .77 7 .36 3 .83 6.48 13 .21 16.72 12 .16 18 .30 
Ce 26.64 8.44 16.82 10.89 15.05 8 .1 6 14 . 11 28 .06 37 .88 25 .56 39.19 
Pr 3 .36 1.10 2 .14 1.45 1 .79 1.14 1.85 3 .63 4 .99 3.31 4.77 
Nd 13.28 4 .96 9 .30 6 .48 7 .63 5.23 8 .44 14.44 20.89 14.36 18.6 2 
Sm 3 .04 1.41 2 .15 1.68 1.80 1.50 2 .35 3 .35 1.69 3 .52 3.79 
Eu 1.1 2 0 .50 0 .63 0 .54 0 .65 0 .45 0 .82 1 .00 1 .29 1.07 1.13 
Gd 3 .30 1.91 2 .32 2 .26 2 .31 1 .61 2 .50 3 .27 4 .39 4 .24 3 .6 1 
Tb 0.51 0 .27 0 .32 0 .33 0 .32 0 .22 0 .44 0 .51 0 .69 0 .58 0 .53 
Dy 3 .07 1.87 2.00 2.4 1 2 .20 1.45 2 .87 3 .17 4 .27 3 .69 3 .37 
Ho 0 .62 0 .40 0 .39 0 .51 0 .43 0 .31 0 .60 0 .67 0 .93 0 .79 0 .73 
Er 1.70 1.29 1.16 1 .60 1 .33 0 .32 1.73 1 .83 2 .60 2.30 2 .09 
Tm 0 .22 0.19 0 .16 0 .20 0.21 0.12 0 .24 0 .26 0 .39 0.32 0.29 0 Yb 1 .6 3 1.24 1.1 0 1 .38 1.26 0 .82 1. 71 1 .89 2.46 2. 18 2 .0 1 
lu 0 .23 0 .20 0 .16 0 .2 1 0 .20 0 .12 0 .23 0 .27 0 .38 0 .32 0 .30 g_ 
Sample CL-24-1 5b 
Si02 61 .67 
Ti02 0.56 
Al203 16.58 
Feo• 7.38 
MnO 0 .17 
MgO 2.62 
CaO 3.85 
Na20 4 .00 
K20 2.81 
P205 0.36 
LOI 4.8 
Mg I 38.7 
Cr 
Ni 
Sc 
v 83 
Rb 70 
Ba 
Sr 143 
Nb 4 .2 
Zr 149 
v 29 
Th 9.05 
La 28 37 
Ce 61 .2 5 
Pr 7.76 
Nd 30 .30 
Sm 6.69 
Eu .c 00 
Gd 6 .: :: 
Tb 0 .91 
Oy 5.68 
Ho 1 .co 
Er 3 47 
Tm 0 .47 c 
Vb 3.4 6 
Lu 0 53 
-, 
~ 
-· 
APPENDIX D · TABLE 6 ·TRANSITIONAL AND NON-ARC lcp-92-5311NTRUSIVES 
NON-ARC S.mpla Cl-13.01a Cl-19-19 wa-33 Cl·24-18bl1 CP-23-19 Cl-04.08a Cl-01 ·14a cp-92-53 
Si02 50.88 49 .56 51 .03 53.34 56.30 51.64 57 .38 45.42 
Ti02 2 .50 1.44 1.75 2 .19 1.75 1.63 1 .25 2 .12 Al203 15.22 15.73 14.77 15.54 15.09 14.40 17.93 15.68 F.O• 12.69 9 .90 11 .06 11 .37 8 .99 12.70 6 .40 14 .18 
MnO 0 .20 0 .17 0 .17 0 .12 0 .16 0 .22 0.11 0 .22 MgO 5 .26 7.88 6 .67 6.92 5 .88 6 .24 3 .69 9 .61 
c.o 8 .68 12.63 9 .89 6.11 E: .81 8 .53 4 .87 8 .66 
Na20 3 .33 2 .04 3 .70 2 .49 3 .33 3 .46 7 .61 2 .32 
K20 0 .83 0 .53 0.77 1.67 1.30 0.90 0 .32 1.52 
P205 0.41 0 .12 0 .19 0 .25 0.40 0 .29 0 .45 0.26 
lOI 2 .2 1 .2 8.1 2.6 1.9 
Mgl 42.5 58.6 51.8 52.0 53.8 46.7 50.7 54.7 
Cr 20 145 58 189 14 211 
llli 8 11 47 29 86 9 9 105 
Sc 3t 37 46 26 58 13 36 
v 307 301 323 494 229 431 89 303 
Rb 12 85 11 28 36 18 3 26 
Ba 506 170 271 153 206 
Sr 358 299 313 170 321 319 435 200 
Nb 10.9 5 .2 7 .8 5 .3 7.0 4.7 14.5 5.8 
Zr 222 71 120 138 152 138 232 127 y 37 21 25 26 21 35 16 22 
Th 1.81 0.82 1.43 1.96 4 .56 0.76 5 .39 0 .6 1 
La 15.40 8 .25 10.71 13.63 16.42 8 .50 26.10 10.55 
Ca 39.21 19.91 25.40 31.18 36.48 22.07 59.18 25 .78 
Pr 5.38 2 .78 3.48 4.17 4.69 3 .40 7 .23 3.74 
Nd 23.77 13.01 15.78 18.39 19.81 15.38 28.90 16.20 
Sm 5.97 3.55 4.18 4 .75 4 .79 4.66 5.48 4.31 
Eu 2.22 1.25 1.35 1 .64 1.75 1 .97 1.69 1.47 
Gd 6.64 4 .13 4 .70 5.41 4 .75 6 .20 4 .48 4 .55 
Tb 1.10 0.66 0.68 0.89 0 .73 1.04 0 .60 0 .67 
Dy 6 .88 3 .98 4.79 5 .36 4 .38 6 .89 3 .24 4.74 
Ho 1.44 0 .79 0.93 1.15 0 .89 1.44 0 .59 0 .90 
Er 3.78 2.25 2.72 2.95 2 .44 3 .76 1.61 2 .51 
Tm 0 .50 0 .32 0.39 0.35 0 .50 0 .22 0 Yb 3.58 2.05 2.34 2.60 2 .14 3 .58 1.38 2.30 
Lu 0.50 0.29 0.37 0 .37 0 .32 0 .46 0 .20 0.33 ~: 
APPENDIX D • TABLE 7 • FELSIC ROCKS 
Semple CP.03.02b CP-05..05 CP-20.07j CP-25..08 CP-28-15a JLB-09 CP-28-15p CL-11..09 CP-09..06 Cl-BR-7 CL-18..00 
Si02 75.58 77 .96 76.63 77 .09 66.04 73.75 77.22 66.39 78 .13 66.17 72.86 
Ti02 0.21 0.08 0.25 0 .04 0.33 0 .08 0 .16 0.59 0 .08 0.29 0.29 
Al203 13.05 11 .26 12.27 11 .77 17.03 12.14 12.09 16.73 12.85 16.95 14.45 
FeO• 2 .53 3.73 2 .95 3.71 4.89 e .19 1.38 3 .35 0 .68 2 .07 2 .73 
MnO 0 .04 0.10 0.14 0 .04 0.04 0 .11 0.03 0.12 0 .02 0 .04 0.08 
MgO 1.25 2 .13 0.73 2.74 2 .46 1.37 0.38 0 .85 1 .55 1 .92 1.50 
c.o 1.00 0.25 1 .38 0.06 0 .19 1.08 1.33 1.49 0.21 3 .00 1.84 
Ne20 2 .61 4 .14 4 .00 3 .75 6 .50 5.20 5 .46 5 .99 6 .03 6.17 3 .78 
K20 3.64 0 .22 1.60 0.73 2 .48 0.04 1.94 4.34 0.35 3 .32 2 .43 
P205 0 .08 0 .14 0 .04 0 .06 0.05 0.04 0 .01 0 .15 0 .09 0 .08 0 .05 
LOI 2.7 2.0 3 .8 2.1 1.9 2 .4 1.3 3 .0 1.1 0 .8 2.2 
Mgl 46.9 50.4 30.7 56.8 47.2 28.3 32.8 31.1 80.3 62.3 49.5 
Cr 26 
Sc: 13 10 21 9 10 27 5 12 10 6 5 
v 24 8 51 50 43 25 7 41 15 
Rb 38 4 27 13 36 1 19 95 7 47 76 
Ba 441 63 58 349 265 53 399 76 688 
Sr 69 91 82 56 105 63 99 173 92 670 322 
Nb 4 .0 0 .8 5 .6 2 .1 3 .4 1 .6 1.5 9 .0 3 .0 4 .1 8 .0 
Zr 199 141 160 104 88 55 58 208 107 52 188 
y 37 10 23 12 14 11 10 40 14 3 23 
Th 4 .34 2 .66 2 .98 2 .99 6 .37 0.73 4 .36 14 .00 ~ . 12 3 .88 16.87 
La 16.47 5 .86 11 .09 5.19 13.02 2 .58 9 .02 37.05 18 .52 17.02 24.11 
c. 35.34 14.16 26.59 9 .88 25 .74 5 .92 18 .41 82.57 29.43 35.63 48.41 
Pr 4.28 1.81 3 .33 1.13 2 .76 0 .73 2.04 10.45 3 .74 4 .4 1 5 .88 
Nd 17.39 8 .41 15.77 3 .96 10 .63 3 .17 7.69 41 .14 13 .62 17.63 20.83 
Sm 4.11 2 .00 4 .04 0.91 2 .32 0 .86 1 .44 8 .09 2 .68 3 .31 3.86 
Eu 0 .75 0 .50 1.07 0 .20 0 .60 0 .26 0 .38 2 .18 0.46 0 .77 0 .23 
Gd 4.08 1.91 3 .52 1 .04 2 .52 0 .92 1.74 7 .55 2.56 2 .22 3 .62 
Tb 0.68 0 .26 0 .60 0 .21 0 .37 0 .16 0 .26 1.07 0 .4 1 0 .18 0 .45 
Dy 4 .66 1.54 3 .87 1.44 2 .47 1.27 1.62 6 .37 2 .60 0.76 2 .89 
Ho 0 .96 0 .40 0.30 0 34 0 .56 0 .29 0 .42 1.29 0 .5 7 0 .11 O.IS1 
Er 3 .01 1.41 2.65 1.03 1.85 0 .97 1.25 3 48 1.76 0 27 2 .02 
Tm 0 .44 0 .24 0 .42 0 .15 0 .31 0 .16 0 .22 0 .5 1 0 29 0 .03 0 33 
Yb 3 .11 1.96 3 .11 1.11 2.03 1 .11 1.53 3 .71 1 .98 0 .21 2 .32 t:i 
Lu 0 .49 0.36 0.51 0 .18 0 .34 0 .19 0 .26 0 .56 0 .32 0 .03 0 .40 
;;. 
;;c · 
s.,pla CL· 1 9· 1 1a CL-24.()3 CL-24.()3/2 CL-24·12• MM.()3.()3b CL-19.()6a CL-19·11b CL-24.()1b CL-SAP-1 90-2CC 1543324 
Si02 77.06 72 .32 70.84 68.56 73 .13 70.28 69.84 69.25 68.74 69.66 77 .39 Ti02 0 .00 0 .00 0 .29 0 .34 0 .08 0 .46 0 .34 0 .29 0 .50 0 .33 0 .10 Al203 13.27 14.83 17.79 15.63 14.22 16.27 16.02 15.84 15.94 15 .13 12.1 4 F.O• 0 .44 2 .25 1.28 3 .37 2 .81 2 .36 2 .53 2 .38 2 .54 3 .13 2 .49 MnO O.ol 0 .10 0 .04 0.12 0 .11 0.03 0 .05 0 .06 0 .03 0 .08 0 .02 MgO 0 .16 0 .23 1.01 1.30 1.53 1.12 1.94 1.62 1 .68 1 .25 0 .97 c..o 0 .49 1.08 3 .47 2 .44 '3 .10 2 .06 1 .86 2.69 3 .27 3 .68 1.52 Na20 4.79 3 .98 2 .74 2.77 0.09 5.31 5 .06 5 .97 5 .00 3 .10 4 .90 K20 3 .79 5 .22 2 .48 5 .36 4 .91 2 .03 2 .27 1.79 2 .22 3 .54 0.44 P205 0 .00 0 .00 0 .05 0 .12 0 .02 0.08 0 .08 o. :o 0 .09 0 .10 0 .04 
LOI 0.8 1.2 3 .7 4 .3 5.2 3 .0 2 .8 3 .6 2.7 1.7 1.2 Mgl 39.3 15.4 58.4 40.7 49.2 4 5.7 57.7 54 .8 54.1 4 1.5 40.9 
Cr 6 27 8 30 Sc 6 5 4 8 4 6 7 8 10 v 4 38 48 1 52 57 52 55 22 
Rb 48 181 61 124 144 51 87 64 71 108 3 Ba 936 424 229 1382 53 Sr 430 130 266 94 63 408 107 352 786 457 113 Nb 2.1 4 .6 1.9 3.7 7 .2 2 .8 0 .6 1.4 1 .4 10.5 3 .5 Zr 114 153 122 166 167 62 96 123 158 118 90 y 7 28 13 21 25 6 6 9 9 16 8 Th 21 .68 14.31 10.32 13.18 11.95 4.72 4.26 5 .91 5 .22 14.50 4. 14 
La 32.42 36.99 22.99 25.91 34.15 13.11 9.53 13.65 16.69 35.15 8.53 
c. 52.87 76.32 36.55 50.31 70.59 27.83 21 .55 28.63 34.08 66.75 17.42 
Pr 5.13 8 .90 3.22 5 .57 8 .19 3 .30 2.44 3 .26 3 .99 7.09 1.94 Nd 15.39 30.60 9 .75 18.98 29.00 12.96 9 .53 12.29 14.54 24.06 7.14 Sm 2.39 5.60 1.68 3 .60 4 .91 2 .48 1.85 2.22 2 .83 4.04 1.53 
Eu 1.05 0.43 o .8:r 1.01 0 .67 0.66 0 .67 0 .87 0 .41 0.43 
Gd 2.13 5.19 1.82 3.09 4.58 2.32 1.87 1.89 2 .28 2 .25 1.17 Tb 0.21 0.71 0.27 0.45 0.62 0 .22 0 .25 0 .24 0 .32 0 .34 0.20 Dy 1.26 4.27 1.88 2 .86 3 .69 1.43 1.23 1.31 1 .78 2 .61 1.40 
Ho 0.26 0.90 0.43 0 .61 0.76 0 .25 0 .26 0 .25 0 .32 0 .51 
Er 0.96 2 .70 1.22 1.73 2 .38 0.64 0 .63 0 .69 0 .&4 1.59 0 .90 
Tm 0 .16 0.41 0.18 0.27 0 .37 0.08 0 .07 0 .08 0 .11 0 .24 
"(b 1.19 3.18 1.34 1.98 2.73 0 .64 0.59 0 .60 0 .77 1.58 1 .20 0 Lu 0 .21 0.52 0 .22 0.33 0.41 0.09 ll .08 0 .08 0. 11 0 .25 0 .19 
~ 
1-". i 
APPE!\OIX E 
Structural Orient;ation Data 
The data prcscntcd in this ·\pp~:ndix arc rcfen~o.•d Ill in Chapt~o.·r h Tlw 
~.:ollectcd and compiled data arc plotted on l'qual-area prnjel't ion and Ill\\ ~o.'l h~o.••nisph~o.'l~o.' 
stereo plots using a computer program Quick plot by D van Evcnlingl'n and J , ·an ( iu,>l 
Orientations of planar and linear stru\:tural dements us~o.•d in this th~o.·sis arl' prcs~.·llted i11 
form of dip->dip direction (azimuth) (e g .Jo---· 1 Xli) Bllth b~..·dding and ti•liations data :til' 
plotted as poles to planes 
The stn1ctural observativns lin this studv wcr~..· t:<tnied out at llll'Sos~.,· ,lpk a11d 
macroscopic scale. Structural data collected during the course of this studv han· h~..·en 
augmented by data from Macl can ( 1947), Donohoe ( l %8), Sayecd ( 1970). Fk111ing 
( 1970). Marten ( 1971 ) . DeGrace ( 1971 ). and Kean and Evans (I <)X 7) Strudural 
orientation data are generally compiled li.>r relatively large areas. that l'ncompass many 
geological structures that vary considerably in style and size This has r~.·suhl'd 111 sullll' 
cases in poorly defined, locally nondescript clusiL'rs on some st~o.·rcogra111s lhl· data sels 
taken from the previous work mostly did not distinguish hdwccn dill'i.·rl'nt gl'Hl·ratiuns o!' 
foliations, and are here presented as S2. For plotting. the dip angles of the orientation 
data from the published sources , which are commonly 1 uundcd to mult iplil·s 1 1!' livt.·, were 
increased or decreased by a random number bet ween 12 and -2. in ordc1 to prcvt.·nt 
formation ofbiased maxima 
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